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ON THE PRODUCTION AND UTILISATION OF GLY- 


COGEN IN NORMAL AND DIABETIC ANIMALS. 
By E. W. H. CRUICKSHANK, M.B. 


(From the Institute of Physiology, University Colle) 
I. On the glycogen of the liver. 


MINKOWSKI0) found that after complete extirpation of the pancreas 


there was a rapid disappearance of glycogen from the liver, so that in 


animals killed on the second day or later after the operation the liver 


was practically free from this substance. The administration of glucose 
to such animals did not give rise to any accumulation of glycogen, the 


glucose administered passing entirely into the urine. On the other 
hand, if levulose were administered there was at first no corresponding 


rise in the sugar excretion, and the animals killed shortly after the 


administration were found to have glycogen in their liver. On account 
of this statement of Minkowski, levulose has been administered in 


a number of cases of diabetes in man, in the hope that the patient 


would be able to utilise this sugar although unable to utilise glucose. 


In such cases it has been found that the administration of levulose 
does not at first proportionally increase the output of sugar in the 
urine. The excretion however seems to be only retarded, since, after 
two or three days’ administration of levulose, an equivalent amount of 


sugar, either as glucose or levulose, is excreted in the urine. So far as 


I am aware the observation of Minkowski on the production of 
glycogen in the liver of depancreatised animals, as a result of the 
administration of levulose, has never been repeated. I have therefore 
carried out a number of experiments on this. subject, since a marked 
difference in the fate of lwvulose and glucose respectively in the 
organism of diabetic animals would be of fundamental importance to 


our knowledge and understanding of the carbohydrate metabolism 75 


the body. 

Methods. The experiments were carried out exclusively on . 
dogs of medium size, te. from 5 to 10 kilos, The depancreatisation 
was performed by Prof. Starling according. to Hédon’s@ method. In 
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this method the only ligature which is applied is that to the main 
pancreatic duct, the separation of the rest of tho pancreas from the 
surrounding tissues being carried out by means of the fingers, the vessels 
connecting the pancreas with the surrounding parts being simply torn 
through. By this means it is possible to effect an absolutely complete 
extirpation of the pancreas in a very short time, the whole duration of 
the experiment, including preliminary ansesthetisation, and subsequent 
bandaging, only occupying about 80 minutes. The skin was sterilised by 
painting with iodine, and the ordinary aseptic precautions observed. 
Operating oy this method it is really unnecessary to perform the extirpa- 
| tion in two stages. Suppuration, which was so constant a feature in 
= Minkowski's experiments, practically never occurred. For this result, 

“ in all probability, the rapidity of the operation is responsible, the animal 
after recovery from the anwsthetic probably having one or two hours 
during which its reparative powers are still normal, so that the processes of 
repair can set in before the animal becomes diabetic, The thoroughness 
of the operation is probably responsible for the very severe and rapidly 
fatal course taken by the diabetes which ensues. For the first two or 
three days after the operation the animal is normal in behaviour. It 
takes its food well and, apart from the rapid emaciation, presents little 
deviation from normal. It then becomes somewhat sleepy and stiff in 
its movements, and finally comatose. In most cases the animals were 

__ killed between the second and sixth day. Those kept till the seventh 

day were practically moribund, and there is no doubt that death would 

4 have ensued in most cases by the eighth or ninth day after the operation. 

| 4 The emaciation is conditioned in the first place by a rapid disappearance 

of fat. from the subcutaneous tissues and abdominal depédts. This fat 

~ disappearance is due to what has been called “fat mobilisation,” the fat 

being carried in large quantities by means of the blood to the liver. 

From the second to the fifth days therefore there is a pronounced 

lipemia, and the liver becomes loaded with fat. This condition may 

last longer in animals which had at the operation a large store of 
subcutaneous fat. In animals which are lean to start with, the con- 

dition of lipsemia disappears first and later on the liver gets small and 

loses a great part of its fat, though even in moribund animals the liver 

is more fatty than normal. A marked fatty infiltration may also affect 
the heart muscle, especially after four or five days, | 
The animals from which the livers were taken were generally 
employed for other purposes, i. 6. for the estimation of the respiratory 
quotient of the heart-lung preparation or for the measurement of the 
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sugar consumption in the heart and lungs. The liver was therefore 
only removed after the animal had been anmsthetised and the heart- 
lung preparation made. It had thus been exposed to the action of the 
antssthetie and its circulation had been in most cases completely cut off 
for 15 or 20 minutes before it could be removed from the body. During 
this time no doubt a certain amount of glycogenolysis might occur, 
which would tend to reduce the amount of glycogen subsequently 
found but would not cause the disappearance of more than a small 
percentage of this substance. The figures for the glycogen content of 


livers must however be taken as minimal. 


The estimation of the glycogen was carried out in the following 
way :—50 grms. of fresh tissue were weighed as accurately as possible, 
and heated in a Jena flask with 50 Cc. caustic potash containing 
50-60 % KOH, for three to four hours in the water bath. The solution 
was then cooled, diluted with about 100c.c. of water and poured into 
400 c.c. of 96 / alcohol, the flask being washed out with a little alcohol. 
The alcoholic mixture was then allowed to stand over night to ensure 


complete precipitation of the glycogen. The supernatant fluid was 


then poured off through a fluted filter, the precipitate washed by 


\ decantation several times with 90°/, alcohol, two or three times with 
absolute alcohol and finally with ether, so that a comparatively white 


precipitate was obtained. This was dissolved in about 200 c.c. of water, 
carefully neutralised with acetic acid, and 10 c.c. HCl (Sp. Gr. 1:19) 
were added, the solution being then heated in the water bath for at least 
three hours. The whole of the glycogen having thus been converted 


into glucose, the solution was neutralised with NaOH, and filtered 


into a 250 C. 0. flask, the filter washed repeatedly and the volume made 
up to the mark with distilled water. Of this solution 10 to 50cc. 
were taken, according to the amount of sugar found by trial, and the 
glycogen estimated as glucose by Bertrand’s method. In the case of 


the heart the cavities were washed free from blood and blood clot by 


rinsing in isotonic salt solution. 
Hapervmental results. I have arranged the results of 15 determina- 
tions in two tables. 


TABLE I. Glycogen in the livers 8 


ordinary diet. 
No. Condition of animal 0% glycogen in liver Remarks 
1 N 8°75 Fed on puppy biscuit. 
3 7 5-72 Fed on meat and biscuit. 
” 5°75 ” 
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TABLE II. Diabetic animals fed during first day after operation 
on milk and afterwards on meat and pancreas. aes 


No. Condition of animal % glyeogesf in liver Remarks 

4 Dog, 2 days diabetic 05 —025 In these experiments the liver was 

Dog, 36 hours „, *266—-288 removed after complete isolation 

6 Dog, A days „, 025—·037 of the heart had been effected, 

7 Out, 3 days 

8 3 -040 ters of an hour commence- 
ment of ansesthesia. 


Note: Where two figures are given these are the results of duplicate estimations. 


The diabetic animals were fed during the first day after the operation on milk and after 


that on meat (horse flesh). In many cases a certain amount of raw ox pancreas was 
minced up with the meat in order to aid digestion and absorption. It has been often 
shown that the administration by the mouth of pancreas has no effect on the course of 
the diabetes itself. : 


It will be seen from Table II that the glycogen very rapidly 
disappears from the liver after the operation. 36 hours after the 
operation two estimations gave 266 and ‘288°/,. Dogs killed on the 
second day after the operation varied between ‘02 and 04°/,, de. there 
was practically no glycogen present. 

In Table III I give the results of a number of estimations on 
animals which had been fed by the stomach tube with glucose or with 
levulose together with meat. The two experiments first in the list 
refer to normal dogs, The diabetic animals were killed between the 
third and the sixth day after the operation. 

From Table III it will be seen that in every case there was 
practically no glycogen in the liver, the amounts found varying between 
03 and 18 /. It made no difference whether these animals received 
glucose or lzvulose—in neither case was any accumulation of glycogen 
effected. After all, in view of the condition of the liver, this is what 


might be expected. It has been shown by Rosenfeld@ that the fat 


content of the liver rises in the fasting animal presumably because of 
the loss of its glycogen store. If carbohydrates are given to.a fasting 
animal, the fat content of the liver falls, and if both carbohydrates and 
fats are given, the liver stores the carbohydrate as glycogen in preference 
to the fat, so that there is in a sense an antagonism between the glycogen 
and fat content of the liver. The liver may be loaded with glycogen or 
with fat but never contains any quantity of both these substances 
simultaneously. All these diabetic animals developed a typical fatty 
liver and therefore it would seem difficult, if not impossible, for this 
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TABLE Ii. Animale fed by stomach tube with dettrose or levulose. 


Remarks 
1 Normal dog 5-716 Fed twice daily with 80 grms. dextrose, the 
7 | amount given being in excess of that utilised. 
2 5 „* 5°75 Fed twice daily with 80 grms. lmvulose for 
three days. 
8 Dog, 8 days diabetic 0604 Fed with 80 grms. dextrose at 10 a.m. and 
: os 4 p.m. for three consecutive days. 
4 5 55 Fed, as in previous experiment, with levulose. 
4 These dogs were both sick on the third day, 
i.e. the day of experiment. 
5 Dog, 4 days diabetie 0586 Fed with 25 grins. dextrose twice daily for three 
: days. Liver very fatty and friable. 
6 + re os 0874 Fed with 25 grms. levulose twice daily for three 
3 days. These feeds were well retained. 
7 Dog, 8 days diabetic. 057 Fed with 25 grms. levulose twice daily, and 
once on day of experiment. Liver fatty. 
8 0 -080 Fed with 25 grms. dextrose as in previous case. 
9 Dog, 6 days diabetio 0372 1st day after operation, fed with 40 grms. levu- 


lose—the solution being taken without the 
tube. And, 3rd, 4th and Sth days given 40 
grms. per diem by means of the tube. Liver 
was very fatty. 


10 ” ” 2 051 Fed with 26 grms. lavulose twice daily for three 


days: one day then missed, and fed again on 

| a day previous to experiment. Liver fatty. 
11 Dog, 4daysdiabetic 33 Fed with levulose. Three feeds of 80 grms. 
each, with two-hourly intervals. Dog killed 

| instantaneously two hours after last feed. 

Another lobe contained 18 | 

In Exp. 11 the dog was fed by the stomach tube at lla.m., 1 p.m. and 8 p. m., 
receiving in all 90 grms. of lwvulose. About 20 minutes after the second and third feeds 
the dog vomited a little fluid. It was killed instantaneously by a blow upon the head to 
avoid the possible source of error due to glycogenolysis occurring previous to the removal 
of the liver, The stomach and upper part of small intestine were found to contain a con- 
siderable amount of fluid, the stomach alone containing a large amount of semi-digested 


‘meat which had been given on the previous day. 


organ to store up glycogen in whatever form the carbohydrate is 


presented to it. 


I am at a loss to account for the divergence between my results and 


those obtained by Minkowski. It should be noted however that the 


dogs on which my estimations were made suffered from a diabetes which 
was apparently more rapid in its course and therefore severer than in 
those recorded by Minkowski, and this in spite of the total absence 


of sepsis in my cases. Is it possible that in Minkowski's cases 
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the extirpation of the pancreas was really not complete, so that the 
animals could live longer, could survive the loss of their fat even 
from the liver, and retain some vestige of the power of assimilating 
carbohydrates, so that the liver was able to build up a certain amount 
of glycogen from the lavulose presented to it? I hope to test this 
possibility later on by investigating the effects of administering lœvulose 
to animals with severe diabetes but in which a minute portion of the 
pancreas has. been left. My estimations thus lend no support to the 
view that there is any fundamental difference between the fate of 
levulose and glucose respectively in the normal or the diabetic animal. 


II. The glycogen of the heart. 


I 6bave taken advantage of a number of experiments carried out 
in this laboratory on the metabolism of the heart-lung preparation 
(Knowlton and Starling) on normal and diabetic animals to deter- 
mine the amount of glycogen in the heart under varying conditions. 

(.) Normal animals. A certain number of determinations were 
made on the hearts of animals which died during the preliminary 
antesthetisation before the experiment was commenced. The results, 
which may be taken as typical of the minimal amount present in the 
normal heart, are given in the following table ; es | 


TABLE IV. Normal dogs. 


No. 9% glycogen in heart 3 Remarks 

1 6381 Died at commencement of experiment. 

2 490 Died during isolation of the heart. 
ee “420 Died after isolation of the heart. 

eS 460 Pieoe of heart taken after its isolation. 

5 630 Ditto. 
6 800 Dog fed with 25 grins. dextrose twice daily for three days. 
3 860 Dog fed with levulose as in preceding case. 


These isolated heart-lung exps. were continued for 24 hrs. 


It will be seen that the amounts vary considerably, between 631 
and 306, the average amount being 463. Although I am unable to 
state now the exact condition of nutrition of these animals it does not 
seem that feeding has the marked influence on the amount of glycogen 
in the heart that it has on the glycogen content of the liver. Thus in 
two experiments normal dogs were fed with meat to which levulose or 
dextrose was added. These are the two animals referred to in Table III, 
in which the livers were found to contain 5°7°/, of glycogen. The 
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dean upon for the energy requirements of the body, its place being 


reducing it to 15% within three days. 


other half was kept at about 35°C. for three hours. The figures 
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hearts contained 306 and 360 , figures which agree with the average 
obtained in the previous series of animals. There is evidence however 
that the glycogen content of the heart is altered by the nutritional 
condition of the animal. To determine whether in a normal animal 
fed solely on butter, the glycogen content of the heart and liver would 
fall and its place be taken by fat due to the condition of evident 
lipemia and loss of glycogen from the lack of carbohydrate supply, 
a normal dog was taken and fed with fresh butter, about 100 grms. 
being taken on three consecutive days: no other food was given. The 
dog was killed instantaneously and liver and heart taken at once. 


Weight of heart. 223 grms, 
Weight of liver ... 100 „ 
Weight of dog ... 81 kilos. 


The liver constitutes 8°1°/, of body weight. 
Glycogen content of liver 26 % %. 
Glycogen content of heart 16 %. 


The glycogen of the liver had therefore been almost completely 
taken by fat. The heart had also drawn upon its local store of glycogen, 


While one can definitely state that there is an antagonism between 
the fat and glycogen content, one cannot as yet attribute the same to 
the heart muscle because naked eye appearances are deceptive, and 
such figures would require to be correlated with those of the fat content 
of both heart and liver. That such an antagonism should exist is 
highly probable, as there is no reason why the fat, which has migrated 
to the liver in fatty infiltration, should not overflow to the heart when 
the glycogen store of that organ and the body generally so been 
exhausted. 

On the other hand, there is evidence of well 8 
occurring in the heart after death. In two experiments an artificial 
circulation had been kept up for three hours through the lungs by 
cannule placed in the pulmonary artery and in the left auricle, so 
that the heart was kept warm in the chest but no circulation maintained 
through its vessels. In these cases the amount of glycogen in the heart 
was found to be only 145 / and 016°/, respectively. In another case 
the heart was divided in two parts, one half was treated at once, the 


obtained in this experiment were: 


Heart treated at once 68 
‘Heart kept 3 hours at 85° C. 08 % 
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I next sought to determine whether the glycogen of the heart is 
used up in the normal functioning of this organ. The following table 
gives the results of determinations of the glycogen in the heart 
which had been maintaining a circulation at a normal arterial pressure 
and with a normal output through an isolated heart-lung preparation 
for varying times from 14 to 3} hours. ans oe ae 


| TABLE V. 
No. Duration of exp. %% glycogen . Remarks 
2 1 hour „882 Heart fibrillated. 
4 460 
5 580 — 
6 N „ 10 Dog received no food for 86 hours previous 
Average 494. ig 


It will be seen that the figures obtained are very variable and do 
not show any marked deviation from the results obtained ‘from the 
normal heart not subjected to experiment. On the other hand, it 
must be remembered that in practically all these experiments glucose 
had been added to the circulating blood, so that the serum of this 
blood contained from 4 to “6 °/, glucose, i. e. an amount very considerably 
in excess of that present under normal circumstances. It is possible 
therefore that the heart was able to satisfy its carbohydrate needs at 
the expense of the circulating sugar without drawing on its local store 
of glycogen. It might in fact utilise some of the excess of the 
circulating sugar to add to its store. I see no method however by 
which one may decide this latter point, since it is impossible to take 
a sample of the heart muscle and analyse it for comparison with the 
results of the analysis of the heart muscle obtained at the end of the 
experiment. I thought however that I might decide the question 
whether the heart could draw upon its local store of glycogen by 
increasing the metabolic needs of this organ. This can be done by 
making the heart beat against an abnormally high pressure, 1. 180 to 
200 mm. Hg for three to four hours, and still better by stimulating the 
heart during this time by repeated doses of adrenalin, It has been 
shown by Evans that the respiratory exchanges of the heart are 
doubled or trebled under the influence of adrenalin. Of course to this 
latter method it might be objected that the adrenalin has a specific 
action on the glycogen,—to use the language of the Vienna school, that 
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it “ mobilises” the glycogen of the heart muscle. If this were its sole 
effect the administration of adrenalin should increase the amount of 
sugar in circulation, whereas results obtained in this laboratory, which 
will be published shortly, have showh that the administration of 
adrenalin increases very largely the rate of disappearance of sugar 
from the blood in the heart-lung preparation. We may take it 
therefore that any action of adrenalin on the glycogen store of the 
heart will be in all probability occasioned by the fncreased functional 
capacity and excitatory activity of the muscle, induced by this drug. 
The results of 19055 experiments are — in the ee table: 5 


TABLE VI. 
A. Normal hearts worked by adrenalin. 
No. Duration of exp. % glycogen Amount of adrenalin administered 
1 8 hours 134 CO, and adrenalin alternately 
2 44 „ 29 Increased blood-pressure only. 
8 „ 1 ec. 1: 
4 8 056 1st hour 1 ¢.c. 1: 10, 000 adrenalin every 15’. 
Aud „, ” 
8rd „ 1 0.0. 1: 5,000 is 
4th „ 1 0.0. 1: 2,500 
Oe Pulse 180—200 beats per min. 
0⁵3 Ditto. 
6 4 „ 020 Ist hour 1 0. c. 1: 10,000 adrenalin every 15’. 
2nd hour 1 0.0. 1: 5,000 3 
rd & 4th hrs. 1 0.6. 1: 2,500 „ ma 
7 Bh 030 Ditto. 
8 1 hour 170 Died of asphyxia. 
9 hours 050 Dog. 
frequent administration of 1: 10, 000 adrnln. 
B. Normal hearts worked by adrenalin, while blood sugar is maintained at normal or 
above. 
No. Duration of exp. */o glycogen Amount of adrenalin and sugar added 
| 1 44 hours 184 CO, and adrenalin, 10 0. 6. 10% glucose soln. 
4 2 85 „ 05 1st hour 1 c. 0. 1: 10, 000 adrenalin every 15’. 
7 8 2nd ,, 1 0.0. 1: 6,000 ” ” 
ard „ ” 
10 0. o. 10 glucose soln, 
1 8 43 „ ey. Ist hour 1 0.0. 1: 10,000 adrenalin every 1. 
and „ ” ” | 


8rd & 4th brs. 1 ¢.¢. 1: 5,000 15 
At commencement of exp. 10 0. 0. 10% solu: 
tion of glucose added ; after two hours 10 0. o. 
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1 vil be soon that increased demands made on the heart muscle by 


prolonged hard work lead to a great diminution of the glycogen store, 


and that the exaggerated work of the heart induced by repeated doses 
of ‘adrenalin causes an almost complete disappearance of the glycogen 
from the heart; and this occurs.even when the percentage of sugar in 
the circulating blood is maintained at or above normal by the repeated 
addition of glucose to the blood in the course of the experiment, : 

We are therefore justified in looking upon the glycogen in the heart 
as a local store, which can be drawn upon ‘to furnish energy to the 
contracting muscle whenever the sugar in the blood becomes deficient, 
or when the requirements of the muscle are raised to an abnormal 
extent even in the presence of the ordinary amount of sugar in the 
circolating blood. Whether an increased amount of sugar in the blood 


leads to increased formation of glycogen in the heart, my experiments 


are not sufficient to decide. 
II. The diabetic heart. 


Estimations of glycogen in the hearts of diabetic animals are said to 


have shown that these hearts contain glycogen in somewhat larger 
quantities than those of normal animals. I have been unable to find 
the authority for this statement. Cammidgew writes: “If the animal 
is killed a few days after the pancreas has been removed, the glycogen 
normally present in the liver and muscles is seen to have disappeared, 
or only to be present in traces, no matter whether the animal has been 
starved or liberally fed. It is usually found, however, in excessive 


quantities in some situations, such as the epithelium of Henle’s tubes, i 
the heart muscle, and the leucocytes, where it does not normally occur 


in abundance.” | 

I give here a table of experiments on the hearts of diabetic animals 
at various dates after the extirpation of the pancreas, the hearts having 
in most cases been worked in a heart-lung preparation for times varying 
from 14 to 4 hours. Additional glucose had almost always been added 
to the blood, making the percentage about 0°6. : 


animals died during the induction of ansssthesia. In nearly all the 
cases however the amount of glycogen was high, the average being 


We may say then that the diabetic heart as a rule contains an increased 


In the first two, when the hearts contained over 9 / glycogen, the 


706 / as against 478 ¼ obtained in the experiments on normal hearts. 


amount of glycogen, showing that there is no lack of power to store up : 
this substance in the heart, whatever may be the case in the liver. In 
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TABLE VII. 
No. Conditions Remarks 
1 Sdays — — 96 Died at commencement 
Bog — — 9²⁵ Died during isolation of 
4 2 99 ” ” 23 55 89 — 
| ; of experiment. 
6 7 „ 99 ” 490 50 
55 ” 2 hrs, “728 
8 6 „ 2 — — 634 Killed for blood. 
9 8 „ Isolated heart lung 4 hrs. 600 8 
11 6 „ Resp. quot. exp. 1 1°05 Hormone given 
_ Artificial heart, iso- 795 — 
lated lung 
5 Isolated heart lung — 2600 Feart failed after much 
: stress, very fatty 
„ ” 24 hrs. "805 
Bb 8 „ Resp. quot. exp. 3 „ ͤ — 
16 6 „ aoolated heart lung 3 „ 866 Heart rather fatty 


Average for unfed diabetic hearts · 706 grms, %. 


the case of the heart it seems that there is no such marked antagonism 
between the fat content and the glycogen content, as has been described 
ſor the liver. Thus the hearts obtained from Exps. 13 and 16 were both 
extremely fat, having a greyish white appearance, yet they contained 
26 % and ‘365°/, glycogen respectively, d. rather less than half the 
amount found in hearts which were to all appearance normal. The 
excessive amount of glycogen as compared with normal dogs might be 
ascribed either to the chronic hyperglycemia present in the diabetic 
animals or to a lack of power on the part of the heart muscle to convert 
the glycogen into sugar or to utilise it for its metabolic needs. A certain 
amount of support is lent to the former of these two suggestions by the 
result obtained by feeding diabetic animals with lsevulose or glucose. 
Although in the following table in which this feeding was carried out, 
the amounts of glycogen in the heart muscle vary considerably, the two 
highest figures I have ever obtained, namely, 16% and 1°3°/, of glycogen, 
occur in this series of experiments. 

That the increased amount of glycogen in these hearts is not due to 
a failure of power to convert it into sugar is shown by the following 
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TABLE VIII. 
No. — of np. heart Nutriment, meat, &c. 
844 ven 100 grms. glucose 
1 8a Isol. heart lung 2 hrs, ees 
46 100 grms. l vulose vomited 
: 20 mins. after feed. 
83 8 „ 522 80 grms, dextrose. 
4 341 Dog sick 
4 606 „ dextrose twice 
4 ” 1-608 levulose 
„„ ” 
1:34 25 grins. Imvulose twice 
daily for 8 days. 
5 814 25 s. lmvulose twice 
y for 2 days, and 30 
grms. on day of - 
ment. 
16 Sy a 4 „ “724 Fed with dextrose as above. 
1¹ a Resp. quot, N „ 695 Glucose 30 grms. twice daily 
for 8 days. 
12 3 Isol. heart lung 13 ,, ‘650 120 grms. glucose: 8 days. 
13 — 90 grms. l vulose in 1 day. 


results obtained from a diabetic heart, in which half the heart was 
treated immediately on removal from the body, while the other half 
was kept at 35°C. for two or three hours. The post-mortem dis- 


1 appearance of glycogen thus seems to occur as rapidly i in the diabetic 


heart as in the normal heart. | : 
Heart treated at once 5 796 % 
Heat kept at 38e G. for 8 hours 130 % 


On the other hand the experiments of Knowlton and Starling a | 
of MacLean and Smedley@ seemed to indicate that the heart muscle 
in diabetic animals loses partially or completely its power of utilising 
glucose and presumably therefore glycogen, and this conclusion would 
seem to be borne out by the high percentage of glycogen found in the 

heart muscle even after experiments lasting as long as four and a half 
hours. But if glycogen can be formed by the diabetic heart from the 
_ sugar of the circulating blood, we cannot decide the question whether it 

_ can be used up unless we push the functional activity of the heart to 
the limit of its capacity. In the diabetic heart therefore, as in the 
normal heart, a certain number of experiments were carried out in 
which the heart was made to beat for three or four hours against a very 
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glycogen, amounting on the average to about 0˙5 ½. 
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high arterial resistance, corresponding to an arterial pressure of 180 to 
200 mm. Hg, and other experiments in which the cardiac activity was 


stimulated to its utmost by repeated doses of 8 The — 
are given in we following table: 


TABLE IX. Diabetic hearts worked. 


No, ap. Nature of exp, ofexp. % glycogen Remarks 
1 6 sol. heart lung 4 brs. 1 | ye 1:10,000 adrenalin every 


nalin every 16 mins. 
And hr. 10.6. 1:5,000 ditto. 
Zrd & 4th hrs, 10.6. 1:8, 500 do. 


‘05 1,0. 1: 10,000 adrenalin every 
15 mins. for 2 hrs., then 1 ¢.c. 
of 1:5,000 during Vast hour. 
10 ec. 10 95 og 

„ 
11 will be seen that the heat’ is ‘dime in this way the 
results obtained are the same as with a normal heart. Glycogen under 
these conditions disappears almost completely from the heart muscle. 
Since the sugar also disappears from the blood we must ascribe the 
disappearance to the actual consumption of the glycogen and not simply 
to its hydrolysis, and we must conclude that the diabetic heart, like the 
normal heart, can under appropriate circumstances use its stored up 
glycogen for the purposes of its metabolism. Whether the power of the 
diabetic heart to use its glycogen is quantitatively inferior to that of the. 
normal heart my experiments are not sufficient to decide. It is certain 
however that there is no fundamental difference in this respect between 

the normal and the diabetic heart. 


CONCLUSIONS. 


1. The observations of other workers are confirmed to the effect 
that there is a rapid and almost complete disappearance of glycogen 
from the liver after extirpation of the pancreas, the liver becoming 
loaded with fat. 5 

2. Iam unable to confirm Minkowski’s statement that administra- 
tion of levulose to diabetic animals leads to storage of glycogen 
(provided that the extirpation of the pancreas is complete). 

3. The heart muscle contains normally a variable quantity of 
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4. This amount may be somewhat increased by copious carbohydrate 
food, and may be diminished by a diet devoid of protein and 5 
drate. 


5. Under conditions of · increased activity, the heart 5 use up 


nearly the whole of its stored glycogen in a few hours. 

6. In pancreatic diabetes the heart muscle contains considerably 
more glycogen than in normal dogs. 

7. As in the normal heart, practically the whole of this glycogen 
may be used up during activity of the heart, especially if this be evoked 
by adrenalin. 


8. Both the normal and the diabetic heart contain after death : 
a glycogenolytic ferment, so that glycogen rapidly disappears if the 


heart be kept warm after cessation of the circulation. 
I wish to express my thanks to Prof. Starling for much valuable 


advice given during the course of this work. 


defrayed by s grast trom the Government 
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THE CHANGES IN THE REACTION OF GROWING 
“ORGANISMS TO NARCOTICS. Br H M VERNON. 


(From the Physiological Laboratory, Oxford.) 


Ir was shown by Fiihner? that the activity of the members of the 
methyl alcohol series in paralysing the development of sea-urchin ova 
increased threefold for each increment of molecular weight, or that 
propyl alcohol was three times more active than ethyl alcohol, butyl 
alcohol nine times more active, and so on. Traube! pointed out that 
the concentrations of various alcohuls, esters and ketones observed by 
Overton? to. produce narcosis in tadpoles likewise showed this threefold 


increase of activity on passing successively from lower to higher 


members of homologous series, and he claimed these results as a proof 
that the narcotics acted by virtue of their capillary activity, and not by 
dissolving in the cell lipoids in accordance with the Meyer-Overton 
hypothesis of partition coefficients. Thus he showed that aqueous 
solutions containing equivalents of methyl, ethyl, propyl, isobutyl and 
iso-amyl acetates in the proportion of 1, 3, J, Ir and gr all depressed the 
height of ascent of water in a capillary tube by equal amounts. The 
same law of capillary activity held also for homologous series of alcohols 
and fatty acids. However, the later results of Fühner“ disagree with 
Traube's hypothesis, for he found that the average increment of 


| activity of successive alcohols on the fish Phoxinus is a fourfold one, 


and not threefold. Aguin, on comparing the activities of ethyl and 
heptyl alcohols. on numerous organisms of different species, he found 
that other vertebrates likewise gave an average quotient of about four. 
Invertebrates gave quotients varying from three to four, the lowest 
members of the animal series, as the protozoon Noctiluca and the 


coslenterate Cydippe, having the lowest quotients. 


The experiments to be described below were all made upon tadpoles, 
and they show that the narcotising concentrations of — 


1 Pahner. Arch. F. exp. Path. III. p. 69. 1904. 

2Traube. Arch. f. d. ges. Physiol. ov. p. 541. 1904; designs 1908. 
8 Overton. Studien uber Narkose, Jena, 1901. 
I Fühner. Ztschr. J. Biol. Vn. p. 465. 1913. 
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alcohols, esters, ketones and other substances vary very considerably 
in the same organism at different stages of its growth and development. 
The quotients, so far from being constant, varied between the extremes 
of 2˙1 and 6˙3 for alcohols, and between even wider limits for urethanes, 
so they entirely disagree with Traube’s hypothesis of the dependence of 
narcotic action on capillary activity. rea 

Method. The tadpoles used in the experiments were obtained from 
naturally fertilised spawn of Rana temporaria. Three days after 
hatching out, the larve were separated from the jelly of the ova, and 
were put in tanks and large glass jars with Spirogyra and other weed. 

The weed and water were frequently changed, and 30 to 40 days after 5 
hatching, the tadpoles were in addition given fresh frog’s muscle and 
liver every few days. The temperature was about 12°C. for the first 
month of development, and 14° afterwards. 

In each experiment, six tadpoles were put in a stoppered bottle 
containing 20 or 40 c.c. of the narcotising solution, the larger volume 
being used in the experiments with the 40 and 80 day tadpoles, and in 
all of those with very volatile narcotics as chloroform and ether. The 
bottles stood on a plate in a big glass jar containing water at 187 C. and 

the temperature was easily kept constant by the radiation from a glow 
lamp placed a suitable distance away. The tadpoles were not considered 
narcotised until every sign of movement had completely disappeared. 
Tadpoles less than a week old are very sluggish in their movements, so 
it is only after frequent observation that one is justified in assuming 
that absence of movement means complete narcosis. 

In the earlier experiments the concentrations required to produce 
complete narcosis within 30 minutes were determined, as it was found 
that there was little or no further effect produced after longer intervals. 
For instance, 21 day tadpoles put in 024 gm. mol. butyl aleohol moved 
4 min.; put in 022 M alcohol moved 12 min., whilst in 020 M alcohol 
they moved for six or more hours, However, the reaction to methyl and 
ethyl alcohols is not so sharp as this, whilst the reaction of 40 and 80 
day tadpoles is less sharp for all the alcohols, so the time of narcotisation 
has to be varied in accordance with the size of the tadpoles. In Fig. 1 

are shown some of the results obtained by narcotising tadpoles of 
different ages with ethyl alcohol. Ordinates indicate the concentration 
of alcohol in gram molecular weights, and abscisse the time required 
to produce complete narcosis. Judging from the form of the curve, 

the newly hatehed (5 day) tadpoles must have practically reached 
narcotisation equilibrium in a little over 20 minutes, whilst the two 
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day tadpoles must have reached it in 30 minutes. The 21 day tadpoles 
must have taken about 60 minutes, the 42 day tadpoles about 80 
minutes, and the 83 day tadpoles about 100 minutes. No sufficiently 
complete series of observations were made on tadpoles of more than 
two and less than 21 days’ growth, but probably equilibrium would 
nearly be reached in about 30 minutes by tadpoles of less than a week’s 
growth, whilst those of a fortnight might need 45 minutes. The 
_ necessity for prolonging the narcotisation time was not realised at first, 
so all the observations described below on tadpoles 20 days or less in 
age were made for a 30 minute period. Still the error introduced 
thereby is only small, and for many narcotics non-existent. Thus 
different narcotics exert their action with very different degrees of 
_ rapidity. This is well shown by the curves in Figs. 2 and 3, obtained 
with 23 day and 83 day tadpoles respectively. In every case the 


S 80 

15 — 

8 

50 
830 

8 

8. — 4 4 — — —— — 


TIME. OF NARCOTISATION IN MINUTES 
Fig. 1. 


- concentration of alcohol required to produce narootisation in 180 
minutes is taken as 100, and the concentrations narcotising in shorter 
times are calculated as percentages on it. We see that in order to 
narcotise 23 day tadpoles in 60 minutes, the concentration of methyl 
alcohol required is 12°/, greater than that narcotising in 180 minutes, 

whilst for butyl alcohol it is probably only about 2% greater. The 

83 day tadpoles responded less sharply to ethyl alcohol than to methyl 

alcohol, so that in order to narcotise in 30 minutes the ethyl alcohol 

had to be over 80% more concentrated than that narcotising in 

180 minutes, whilst to narcotise in 60 minutes it had to be 22 % more 

concentrated. Of course these values are only rough approximations, 
PH. XLVI. 
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as the narcotisation times were found to vary a good deal with different 
batches of tadpoles. Another series of observations, made on some 
46 day tadpoles, gave a sharper reaction with ethyl aleohol than with 
methyl, whilst another series, made on some 39 day tadpoles, gave the 
reverse relationship. Probably, therefore, the tadpoles react to about 
the same extent to both these alcohols, and certainly they react much 
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less sharply to them than to the higher alcohols. As can be seen from 
the experimental values given in the figure, propyl, heptyl and octyl 
alcohols acted in a more or less similar manner on the tadpoles, so 
a single curve is drawn for all these three alcohols. Butyl, iso-amyl and 
hexyl alcohols likewise acted similarly, and so are represented by 


190 160 180 


‘ 
os 
‘ 
4 
| 
| 
j 
ang . 
| 
| 
; 
P 
* 
- 
¢ 
Ww 
* 
7 
2 
é 
1 
* 
05 
4 * 
ay 
* 
* 
Gs 
* 
— 
* 
* 
AS 
7 
a 
* — 
>: 
* 


body fall into best agreement with the narcotising concentrations of 
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a single curve. From this curve we see that in order to narcotise the 
tadpoles in 60 minutes, the concentration of these alcohols required was 
only about 3% greater than that narcotising in 180 minutes. The 
cause of these differences in the rapidity of narcotisation effected by 
the various alcohols is unknown. Probably they are to some extent 
dependent on the velocity of osmosis of the alcohols into the cells, which 
as Traube! has deduced from Overton’s* experiments on plasmolysis, 
is increasingly’ greater on passing from the lower to the higher alcohols. 
Still it is difficult to understand why heptyl and octyl alcohols should 
varcotise more slowly than butyl, iso-amyl and hexyl alcohols. Perhaps 
it depends on the fact that the narcotising solutions of these alcohols 
are so extremely dilute (e.g. a 1 in 55,000 solution of octyl alcohol). 3 
The samples of monohydric alcohols and of most of the other 
narcotics employed in the experiments were obtained from Schuchardt. 


Monohydric Alcohols. 


The action of eight of the monohydric alcohols was investigated. 
Normal amy] alcohol is so insoluble, and so difficult to obtain in a pure 
state, that the iso body was used instead. Fiihner found that the 
concentration of n-amyl alcohol required to narcotise Phoxinus was 
73% that of iso-amyl alcohol, but I find that my results with the iso 


butyl alcohol on the one hand and of hexyl alcohol on the other if it is 
assumed that the narcotising concentration of n-amyl alcohol is only 
50% that of the iso alcohol. Hence the “amyl” values given in the — 
table are really iso-amyl values which have been halved. Hexyl, 
heptyl and octyl alcohols are almost insoluble in pure water, 80 I adopted 
Fühner's plan of adding some ethyl alcohol to increase their solubility. 
The hexyl and heptyl alcohols were mixed with nine volumes of ethyl 
alcohol before dilution, and the octyl alcohol with 19 volumes. A 
correction had to be made for this added ethyl alcohol, but it is only 
a very small one. 

From the table it will be seen that complete sets of determinations 
were made with tadpoles of seven different ages, ranging from 5 day 
to 83 days. As the newly hatched tadpoles are especially sluggish, two 
sets of experiments were made with different batches, and it will be 
seen that the results obtained are in fair agreement. With this 
exception, the whole of the experiments were made upon tadpoles of 


1 Traube, I. c. 2 Overton. Ztschr. f. physik. Chem. XXII. p. 189. 1897. 
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_ the same original source. The tadpoles used for the first 22 days 
experiments were all thrown away after narcotisation, but then, as the 
stock began to get rather low, they were kept and used again 
18 days later, and still again some 43 days later still. The 83 day 
tadpoles had dwindled so in numbers that only three tadpoles instead 
of six were used in each narcotisation experiment, but they were so 

large and easy to observe that probably no appreciable error was 

introduced thereby. Many of them had developed small hind limbs. 
A sample of 20 tadpoles was measured on each occasion, and the average 
lengths are given in the table. teh 
The data in the table show that newly hatched tadpoles were 
narcotised by 1°78 gm. mol. of methyl alcohol (a 7'15%, solution by ~ 
volume), or nearly twice as great a concentration as that required by | 
tadpoles 22 or more days old. Tadpoles of intermediate age required 
intermediate amounts. The reaction to ethyl alcohol changed similarly 
during growth, but propyl alcohol exerted practically the same narcotic 
action on tadpoles of all ages. With butyl alcohol we find the 
beginning of the changed reaction, for we see that the older tadpoles 
needed a distinctly more concentrated alcohol for narcotisation than the 
younger ones. With amyl (iso-amyl) alcohol this changed reaction is 
quite well marked. The hexyl alcohol values, though rather irregular, 
show a similar increase of narcotising concentration with growth of the 
tadpoles, whilst heptyl and octyl alcohols show a greater increase still. 

If a mean be taken of the values obtained with 40 and 83 day tadpoles 

on the one hand, and of the 5 day and 2˙5 day tadpoles on the other, 
the ratio between the means works out as _— 


Methyl 5898 Amyl 1°88 
> Ethyl "68 1-40 
Propyl Heptyl 1-66 
Butyl 1°22 1°77 


Tyee that there is a perfectly regular change in the ratio of the 
mean nareotising values as we pass from the lowest to the highest 
alcohol investigated. The extreme ratios vary in the proportion of one 
to three, or roughly speaking one may say that newly hatched tadpoles 
need nearly twice as much methyl alcohol for narcotisation as fully 
grown tadpoles, but only about half as much octyl alcohol. 

The difference in the action of the alcohols on the young and old 
tadpoles is even more strikingly exhibited if the narcotising concentra- 
tions of methyl and octyl alcohols be compared. The — alcohol 
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value for 6 day tadpoles is 28700 times greater than the octyl alcohol — 


value, and for 2˙5 day tadpoles it is 21300 times greater. On the other 
hand for 40 day tadpoles it is only 7800 times greater, and for 83 day 
tadpoles, 8700 times greater. This means that the average of the 
quotients between the individual alcohol values must differ considerably. 


It works out at 46 for the 5 day tadpoles and 4-4 for the 2˙5 day, but 


sinks to 3˙8 for the 40 and 83 day tadpoles. Fiihner obtained a mean 
quotient of 40 for small frogs (R. esc.) narcotised by ethyl and 
heptyl alochols, whilst my experiments with 40 and 83 day tadpoles 


give, for the same pair of alcohols, mean quotients of 42 and 43 


respectively. 

As regards individual quotients, we see no sign of the constancy 
required by Traube’s hypothesis. The quotient between methyl and 
ethyl alcohols was almost always the smallest; that between ethyl 


and propyl alcohols was about twice as large; those between propyl 


and butyl and between butyl and amy] alcohols slightly larger still, and 
then the quotients began to diminish again, till that between heptyl and 
octyl alcohols was not much bigger than that between methyl and ethyl 
alcohols, From the mean quotients given at the extreme right of the 
table, we see that there was a regular waxing and waning of the 
quotients on passing from methyl to octyl alcohol. No great stress can be 
laid on the exact numerical values of these quotients, as one cannot be 
certain of the purity of the alcohols employed, but at least they leave 
no room for doubt that there is great variation. Fiihner observed 


somewhat similar though less marked variations of quotient in his 


experiments with Phoxinus, Thus the quotients between the methyl, 
ethyl, butyl and amyl alcohol values worked out at 2°4, 37, 39 and 3:8 


respectively, and between heptyl and octyl! alcohols, at 33. Even the 


laking values for erythrocytes showed a variation of the same type, 
though smaller in range. 

My data for monohydric alcohols differ idee from those 
obtained by Overton, though our results with most other narcotics show 
fair agreement. He worked with R. temp. tadpoles 8—15 mm. in length, 
and he gives the narcotising values for methyl, ethyl, propyl and butyl 
alcohols as 57, 29, 11 and 038 M respectively. These values yield 


quotients of 2:0, 2°6 and 3:0, or ene with Fühner's results almost 


as } aes as with mine. 
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5 and 20 day ones. A repetition of the experiment on another batch 
of 5 day tadpoles gave a value of 047 M, instead of the 048 M value 


different ages. The 1 day tadpoles were just hatching out at the time 
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Daters. 


In their reaction to acid esters tadpoles behave as they do with 
propyl alcohol, and show little or no change of response during growth. 
Experiments were made with four ethyl esters, upon tadpoles of three 


of experiment, and had to be stirred vigorously to separate them from 
the jelly of the ova. The values for ethyl acetate and propionate are 
in fair agreement with Overton’s, but my values for the butyrate are 
smaller than, his, and for the valerianate, considerably smaller. Con- 
sequently my quotients are greater than his. They average 3˙4, 3°6 
and 3:0 for the 1 day, 3 day and 19 tadpoles, whilst his quotients 
average 2˙5. 


Ester con. Q. con. G. con. Nare. con. 

Ethyl abetate 039 0³ 
4˙9 4˙9 3˙9 2-9 

Ethyl propionate 0075 008 00077 0105 
Ethyl butyrate 0027 -0024 0028 le 0043 

26 2˙2 2 
Ethyl valerianate 00108 0009 0018 0019 
Size of tadpoles— 5˙0 mm. 9‘1 mm. 14°5 mm. 


The tadpoles probably do not behave with urethanes in the same 
way as they do with acid-esters. They seem to show a distinct 
indication of the changing response observed with alcohols. Thus from 
the data in the table we see that though the concentration of methyl 
urethane acting on 5, 6 and 20 day tadpoles was nearly constant, that of 
ethyl urethane was distinctly greater on the 5 day tadpoles than on the 


quoted. The narcotising concentrations of propyl and _iso-butyl 
urethanes are probably constant throughout, but that of iso-amyl 
urethane increases by 70°/, on passing from the 5 day tadpoles to the 


20 day 1 d 6 days 20 days Overton's values 


Ester Nara con. Nare con. Mare con. Q Nare Q 
0080 0 0082 6053 
4˙3 8°2 2˙7 — 
Iso-amyl urethane 0007 0010 00118 os 
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The quotients between the urethane values are for the most part 
considerably greater than those observed with other homologous series 
of narcotics, Between methyl and ethyl urethanes the quotient 
averages 7°3, or is similar to Overton’s value, and between ethyl and 
propyl urethanes it averages 6°9. The quotient between propyl and 


iso- butyl urethanes averages only 1-9, which suggests that the narcotising 


concentration of butyl urethane is if anything less than half that of the 
iso-butyl urethane. The quotient between iso-butyl and iso-amyl 
urethanes averages 3°4, or about the normal. 


The reaction of tadpoles to ketones differs from that observed 
with either alcohols or esters, for all three ketones investigated 
narcotised tadpoles of increasing size in steadily diminishing concentra- 
tions. The diminution was not great, amounting to 15°/, for acetone, 
22% for methyl-ethyl ketone, and 32°/, for methyl-propyl ketone, on 


passing from 5 day to 18 day tadpoles, but the results are so regular 


that they are probably genuine. The narcotising values obtained with 
18 day tadpoles correspond closely with Overton's. : 


‘bday 1 days 18 days Overton’s values 
Nare on. G. Nare.con, G. Mars, en. G. 

Acetone 33 82 +26 

Methyl-ethyl ketone 105 095 "082 09 

Methyl-propyl ketone 031 027 021 

Sins of tadpoles— 5°5 mm. 14°6 mm. 


Of the other narcotics investigated chloroform shows the most 
remarkable changes of all, for its narcotising concentration with ‘5 day 
tadpoles is only a third as great as that with 17 and 78 day tadpoles. 
A repetition of the experiment with another batch of 5 day tadpoles gave 
exactly the same narcotising value as that quoted. Chloral hydrate 
also acts in smaller concentrations on young tadpoles than on older 


ones, but the data quoted are to be accepted with reserve, as they merely 


indicate the concentrations required to produce narcosis in 30 minutes. 
Overton has shown that chloral hydrate is a very slowly acting 
narcotic, for he found that 16mm. tadpoles, which are narcotised in 
about four hours by 006M chloral hydrate, require 1-2 hours to be 
narcotised by a 015 M solution. he 
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| 5 day 6 days 1 
Chloroform 000045 00075 0015 00138 0012 

hydrate 019 029 034 (015) 
Nitromethane "15 ‘14 “112 “118 082 
Ethyl ether 0⁴⁵ 0⁴⁵ 02 — 07 


Sise ot tadpoles— 66mm. 116mm. 147mm. 260mm. 


The other three narcotics investigated all act on tadpoles of different 
ages in the reverse manner to chloroform and chloral hydrate. The 
concentration of paraldehyde narcotising 5 day tadpoles is 83°/, greater 
than that narcotising 17 day tadpoles, whilst the concentration of ethyl 
ether is 41°/, greater, and that of nitromethane 34% greater. From 
17 days onwards to 78 days there is probably little or no change in the 
reaction of the tadpoles to the three narcotics investigated. The time of 
narcotisation of the 78 day tadpoles was taken as 100 minutes, as in the 

corresponding alcohol experiments. 


The Fatal Concentrations of Monohydric Alcohols. 


In addition to the investigations of the narcotising concentrations 
of the monohydric alcohols, three sets of determinations were made of 
their fatal concentrations. After keeping the tadpoles for half an hour 
in the narcotising solutions, they were transferred to fresh water, and 
the proportion of them showing any recovery of spontaneous movement 
within the next few hours was noted. They sometimes took an hour to 
recover, but seldom more than two hours. The concentration of each 
alcohol killing 50°/, of the tadpoles (or three out of the six employed 
in each experiment) was determined as nearly as possible. For instance, 
of six 14 day tadpoles kept half an hour in 1:44 M ethyl alcohol, all 
recovered: of six in 1°52 M alcohol five recovered, and of six in 1:60 M 
alcohol, only one recovered, so the fatal concentration was taken to be 
1°56 M. 

On comparing the fatal concentrations of two o day tadpoles with the 
narcotising concentrations of 2°5 day tadpoles, it is found that the 
relationships between the two are extraordinarily variable. The fatal 
concentration of methyl alcohol is only slightly greater than the 
narcotising concentration: that of the ethyl alcohol is nearly twice as 
great: that of propyl alcohol four times as great, and so on to the higher 
alcohols with steady increase of ratio, till finally it appears that the 
fatal concentration of octyl alcohol is no less than 55 times its narcot- 
ising concentration. The next series of experiments was made with 
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14 and 16 day tadpoles, and on comparing these values with the 
narcotising concentration of 12 day tadpoles, we find that the range of 
variation in the ratios is considerably less than before. The fatal 
concentration of methyl alcohol is now more than twice as great as the 
narcotising concentration, whilst that of octyl alcohol is only about 
23 times as great. This alteration of ratio is chiefly dependent on the great 
changes in the fatal concentrations of the alcohols, The 15 day tadpoles 
could stand nearly twice as great a concentration of methyl alcohol as 
the two day tadpoles, but only a little more than half as great a con- 
centration of heptyl and octyl! alcohols. 


d 15 days 12 days 

Alcohol Fatal F/ Fatal Narcot. 
Methyl 1°75 1°60 11 30 1°37 2˙2 
E 1:14 61 1-9 1:56 58 2-9 
Propyl 43 105 41 47 105 4:5 
Butyl 172 019 91 0215 
Iso-amyl -09 0066 057 0082 7-0 
Hexyl 00067 34˙3 014 00098 14°38 
- Heptyl 00838 00020 41°5 0045 00027 16°7 
Octyl 0041 000075 54˙7 0025 000107 23°4 

Sizeoftadpoles 8 ·I mm. 8·5 mm. 149 mm. mm 
Duration of exp. 60 minutes 100 minutes 

“T8 days 88 days d days 88 days 2 

Alcohol Fatal Narcot. Fi Narcot. FIN: 
-Methyl 158 1˙11 14 1:30 1:00 13 
Ethyl 9⁰ 19 -60 
Propyl 85 10 3˙3 ‘101 28 
Butyl 09 0285 8°8 07 028 30 
Iso-amyl 04 0099 4˙0 08 0096 3˙1 
Heryl 9063 00126 4˙9 0049 48 
Heptyl 00177 90083 55 90146 000285 5˙1 
Octyl 00080 00128 65 00046 000115 40 
Bine ot tadpoles 250mm. 280 mm. mm. 290 mm. 


The third set of determinations was made on tadpoles of mixed — 
origin, and varying in age from 68 to 88 days, In each experiment 
eight tadpoles were put in the narcotising solution, and four of them 
were transferred to fresh water after 60 minutes, and the remaining 
four after 100 minutes, As can be seen from the table, the differences 
in the fatal concentrations for these two periods of exposure are 
considerable, the 100 minute values being only about three-fourths as 

great as the 60 minute values. Doubtless the fatal concentrations after 
a 30 minute interval would have been considerably greater, probably 
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quite 50°/, greater, than the 60 minute values. They. would then, in 
the case of the “seen alcohols, have approximated to the concentrations 
observed with 15 day tadpoles. However, no such determinations were 
made, as it would have been misleading to compare them against 
narcotisation values which had not nearly reached equilibrium. There . 
is not much difference between the narcotising values of the 83 day 
tadpoles after 60 minutes and after 100 minutes, so probably the 
60 minutes data afford the best basis of comparison. The actual ratio 
between the fatal and the narcotising concentrations of methyl alcohol 
is lower than that observed with 15 day tadpoles, but this is clearly due 
to the long period for which the tadpoles were subjected to the alcohol. 
The range of variation in the ratios obtained with methyl alcohol on 
the one hand and octyl! alcohol on the other is in the proportion of 
1 to 46, whereas it. was as 1 to 10°6 for 15 day tadpoles, and as 1 to 50 
for two day tadpoles. This marked alteration is chiefly due to the 
greatly increased sensitiveness of the tadpoles to the higher alcohols. 
Thus the fatal concentration of octyl! alcohol is less than a third of that 
for 15 day tadpoles, and a fifth of that for two day tadpoles. 
These results suggest that with still older organisms the ratios 
between killing and narcotising concentrations would become more and 
more similar, and might finally approximate. This is what one would 
naturally expect, and what indeed has actually been found to hold to 
some extent for rabbits. Baer! introduced various doses of methyl, 
ethyl, propyl, butyl, and iso-amyl alcohols into the stomach by means of 
a sound, and he found that the concentrations of all the alcohols 
*producing a narcosis which lasted days and which was frequently fatal, 
were on an average nearly double the corresponding concentrations 
producing mild narcosis. 

It should be mentioned that the fatal concentrations of octyl alcohol 
quoted are only approximations. In order to keep the octyl alcohol in 
solution, it had to be diluted 100-fold with ethyl alcohol, and so the 
corrections for this added alcohol are considerable. The heptyl alcohol, 
however, needed only a 20-fold dilution with ethyl alcohol. 


The Cause of the Changing Reaction of Growing Organisms. 
There can be little doubt that ene of the chief causes of the changes 

in the reaction of the growing tadpoles to narcotics is the changing 
composition of the cell lipoids. Their chemical composition undergoes 
very marked alterations during growth, and probably the relative 
1 Baer. Arch. F. Physiol. p. 283, 1898. 
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solubility of different narcotics in them changes likewise. Raske' 
found that the dried brain of ox embryos contained considerably less 
lecithin and cholesterin than adult ox brain, and it ‘contained no 
cerebrin at all. Koch and Mann“ analysed the brain of children aged 
six weeks and two years, and of an adult aged 19, and found a con- 
siderable and steady increase of the cholesterin and cerebrin with growth. 
L. Smith and Mair“ found that whilst the brain of infants contain 

04 % of cerebroside, that of adults contained 18-21%. Subsequently 
they‘ analysed the brain of puppies aged three days, and three, six and 
twelve weeks, and found that the cerebroside steadily increased with 
growth from 1°5°/, up to 11˙5 %, whilst in the brain of a full grown dog it 


amounted to 214%, Hence all investigators agree in finding a rapid 


increase in the cerebrin during the growth of mammals, and there can 
be little doubt that there are similar changes of composition in the 
lipoids of Amphibia and other vertebrates. No investigations of the 


relative solubility of narcotics in brain lipoids appear to have been 
made, but Loewe“ found that a chloroform solution of kephalin took — 


up considerably more methylene blue from an aqueous solution with 
which it was mixed than did a solution of cerebroside, whilst l 
took up very much more than cholesterin. 

Though the changes in the composition of the cell bipoids during 


growth may be almost entirely responsible for the changes in the — 


narcotising concentrations, it is difficult to believe that they are 
likewise chiefly responsible for the very great changes in the fatal 
concentrations of the alcohols observed with tadpoles of different ages. 
Some other factor must be concerned, which is of relatively more 


importance with the lower alcohols than with the higher ones. It may 


be pointed out that the concentration of octyl alcohol which killed two 
day tadpoles is identically the same as that found by Fühner and 
Neubauer“ to lake red blood corpuscles (i.e. to rupture their lipoid 
“ plasmahaut ) The fatal concentration of heptyl alcohol, however, 
is only two-thirds the laking concentration; that of butyl alcohol is 
shel a half; that of ethyl alcohol a third, ad that of methyl alcohol, 
a fourth. 


1 Raske. Ztschr, F. physiol. Chem. x. p. 336. 1886. 

* Koch and Mann. This Journal, XXV. p. xxxvi. 1907. 

5 L. Smith and Mair. Journ. Path. XVl. p. 181. 1911. 

L. Smith and Mair. Ibid. wu. p. 128. 1912. 

5 Loewe. Biochem. Ztschr. XLII. p. 150. 1913. 
Fühner and xx. 117. 1906. 
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SUMMARY. 


5 Tadpoles of different ages are by no means 3 affected ‘te 
narcotics, especially by the mondéhydric alcohols. They were tested 


5, 2°5, 6, 12, 40 and 83 days after hatching, and it was found that whilst 


the narcotising concentration of methyl alcohol steadily dwindled from 
1°78 M to 99 M, and that of ethyl alcohol from 70 M to 41 M, that of 
propyl alcohol remained almost constant throughout. On the other 
hand that of butyl alcohol increased 22% on passing from the young to 


_ the old tadpoles; that of iso-amyl alcohol increased 38%; of hexyl 
alcohol, 40°/,; of heptyl, 66°/,, and of octyl, 77°/,. Hence the ratio 


between the narcotising concentrations of methyl and octyl alcohols 
ranged from 28700 to 1 for 5 day tadpoles down to 8200 to 1 for 40 and 
83 day tadpoles, 

The quotients between the narcotising concentrations of successive 
alcohols were by no means constant. They averaged 2°5 between 
methyl and ethyl alcohols, but rose to 50 between ethyl and propyl 
alcohols. The quotients between the remaining pairs of alcohols averaged 
5˙2, 5°3, 43, 3°6 and 2°7. 

The narcotising concentrations of ethyl acetate, propionate, butyrate 
and valerianate did not vary with the age of the tadpoles, but those of 
the urethanes varied to some extent like those of the alcohols. 

The narcotising concentrations of the three ketones investigated 
diminished steadily during the growth of the tadpoles. Those of 
paraldehyde, nitromethane and ethyl ether likewise diminished con- 


siderably, but that of chloroform increased threefold on passing from 


‘5 day to 17 day tadpoles. 

The fatal concentrations of the monohydric alcohols (is. those killing 
50% of the tadpoles in 30 or 60 minutes) vary very greatly with tadpoles 
of different ages. For two day tadpoles the fatal concentration of 
methyl alcohol was only 1°1 times the narcotising concentration, but on 
passing to the higher alcohols it steadily became greater and greater, 
till the fatal concentration of octyl alcohol was no less than 55 times the 


narcotising concentration. With 80 day tadpoles, on the other hand, the 


fatal concentration of octyl alcohol was only 6˙5 times the narcotising 
concentration, whilst that of methyl alcohol was 1°4 times the narcotising 
concentration. 

The great changes in the reaction of growing organisms to narcotics 
are probably dependent, for the most Part, on changes in the com- 
position of the cell lipoids. 
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THE VOLUME OF THE “DEAD SPACE” IN 
BREATHING. By A. KROGH AND J. LINDHARD. 


(From the Laboratory of Zoophysiology, University of Copenhagen.) 


In a recent paper Douglas and Haldane? have published a series 
of experiments to show that the “dead space” may be increased during 
muscular work to several times the resting volume. They observed 
a very regular increase from 160 c.c. during rest in bed to 622 c.c, while 
the subject walked at the rate of five miles an hour, with a corresponding 
increase in metabolism from 237 c.c. to 2573 cc. oxygen per minute. 
When this paper appeared we were preparing for publication a series 
of experiments on the regulation of respiration and circulation during 
the initial stages of muscular work. We had assumed a constant dead 
space, and if Douglas and Haldane were right we would have to 
recalculate all our experiments and reconsider several portions of our 
argument. We could not, for reasons to be stated presently, accept the 
results of Douglas and Haldane as binding, but on the other hand 
we could not disregard them, as they might very well be correct—at 
least qualitatively—and it became necessary therefore that we should 
attempt also a determination of the dead space under the conditions of 
rest and work. | 
Douglas and Haldane have calculated the dead space from (1) the 
CO, percentage of the expired air, (2) the average CO, percentage of the 
alveolar air and (3) the average volume of one breath. The average 
volume of one breath and the CO, percentage of the éxpired air were 
determined from respiration experiments made by means of the Douglas 
respiration apparatus, and we have no doubt that the accuracy was 
ample for the purpose. The average composition of the alveolar air was 
determined by the method of Haldane and Priestley“ as the average 
of samples taken by a sharp expiration at the end of a normal inspiration 
and at the end of a normal expiration. This method will give fairly 
consistent results, and when the mean is taken of a number of 
determinations the accidental error may become very small, but there 


This Journal, P. 285, 1912, Ibid. p. 240, 1906. 
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is no guarantee that the result corresponds really to the average 
composition of the alveolar air, and in our opinion several reasons point 
a priori to the conclusion that it does not. 

1. While the minimum CO, percentage in the alveolar air corre- 
_ sponds exactly in point of time to the end of inspiration, the maximum 
will normally occur a certain time after the end of expiration and 
the beginning of the next inspiration, even if there is a pause. The 
CO, percentage will go on increasing while the alveolar air, standing 
after expiration in the air passages, is being rebreathed, and it is only 
when pure outside air begins to enter the alveoli that the CO, percentage 
begins to fall. This time, from the end of expiration to the moment 
when fresh air begins to enter the alveoli, amounts in some of our 
respiration experiments during rest to 4 or even 4 of the botail period of 
inspiration. 

2. Even if samples of alveolar air were drawn representing exactly the 
maximum and minimum CO, percentages occurring, it would not follow 
that their arithmetic mean would correspond exactly to the average CO, 
percentage in the alveoli, and it could not be expected to correspond to 
the average composition of the air expired from the alveoli, which portion 
alone goes with the air from the dead space to make up the total 
expired air’. It is a well-known fact that the exhalation of CO, from 
the blood depends very largely on the percentage of the gas in the 
alveolar air, being diminished by a high percentage and increased by 
a low (washing out of CO,). This fact holds good also for every single 
breath. The rise of CO, tension in the alveoli after inspiration will 
not simply be proportional to the time but will take place at a decreasing . 
rate“. It is for this reason that the alveolar respiratory quotient is often 
considerably lower than that found for expired air, when the alveolar 
sample has been taken at the end of expiration. 

The above criticisms do not detract in any way from the value of 
the Haldane-Priestley method of taking alveolar samples. The results 
obtained by this method during ordinary respiration are undoubtedly 
accurate enough for most purposes, and even if small systematic errors 
are present, they cannot affect the comparisons between different 
individuals or between different conditions of altitude above sea-level, 
diet or season in the same individual. When, however, the alveolar 


1 This point will be treated more fully in a paper by one of us which is being published 
in the Skand. Arch. Physiol. 
+The oxygen intake will not be affected inthis way, but variation inthe rate of blood 


flow will have a most powerful influence on it. n 6 | 
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00, percentage is used together with the corresponding percentage in 
the expired air for calculating the dead space of the subject, even small 
deviations from the true composition of the air expired from the alveoli 
may have a very considerable affect upon the reliability of the result as 

pointed out by one of us’. } 
3. The sharp expiration by which the alveolar sample is e 
takes a certain time. Though this may vary in different individuals 
and depend further on the mental effort of the subject, it cannot possibly 
be shottened beyond 4 second, and according to our experience it is 
never less than about 3; second. During rest the carbon dioxide produced 
in this interval is insignificant and cannot raise the percentage of CO, 

in the alveolar air to any appreciable extent. When the CO, production 
is 240 cc. per minute it will be 2c.c. in 4 second, and if we take the 
volume of air present in the lungs as 3 J. the rise in CO, percentage 
during the sharp expiration will probably be about 0°1°/, and perhaps 
less. During muscular work, however, the influence of the unavoidable 
delay in getting the sample may become very great; 40 c.c. CO, produced 
per second must raise the CO, percentage to a very appreciable extent 

during even the sharpest possible expiration. | 

We must therefore consider the alveolar samples obtained by the 
direct method during muscular work as untrustworthy in so far as they 
do not represent the real average composition of the alveolar air, and 
we cannot accept the calculations of the dead space based upon them 
without further investigation. 

Of the methods applied or proposed for e of the dead 
space in breathing that devised by Siebeck“ appeared to us to be the 
most rational in principle, and the tests carried out by him seemed to 
demonstrate its reliability. It consists in taking one breath of hydrogen 
from a small spirometer and thereupon to expire once into the same. 
A sample of alveolar air from the end of expiration is taken and analysed 
for hydrogen, and the total amount of H, expired is calculated from an 
analysis of the contents of the spirometer. 

In this method also the difficulty and possible uncertainty lie i in 
the alveolar sample. It must be an essential condition that the hydrogen 
inspired into the alveoli should be uniformly mixed up in the alveolar 
air during the very short time it is retained in the lungs. Our own 

rience with regard to nitrous oxide“ pointed decidedly against this 
1 I. Lindhard. Skand, Arch. Physiol, xxvi. p. 273. 1912. 
2 Skand, Arch. Physiol, xxv. p. 87. 1911. 
* Krogh and Lindhard. Skand. Aud. Physiol, XVI. p. 110. 1919, 
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possibility, since we found that not less than three respirations were 
nécessary to produce a uniform mixture of this gas in the alveoli, 
but Siebeck had carried out test experiments which seemed to be 
conclusive. 

Siebeck! compared a number of experiments in all of which he had 
taken a constant inspiration of 500 c. c. hydrogen, while the expirations 
were varied from 92 0.0. to 1690¢.c. The hydrogen percentage in the 
expired volume of air decreased regularly with increasing expirations, 
and, when the H, in successive 100 c.c. portions of one deep expiration 
was calculated, it was found, that while the first 400cc. showed H, 
percentages decreasing from 88˙5 to 12°9°/,, the composition of the rest 
showed small and irregular variations only. We have repeated Siebeck’s 


test in practically the same manner and Obtained an identical result. 


We made the following experiments in the order indicated. 
1. 1. O06 Bare hydrogen. 


41-0 5 20-6 
0-85 87-9 6 137 1845 
0˙47 12 18 1.085 
3 0-52. 9 154. 184 
4 0-88 23 ˙4 10 1-85 17-4 
0-98 20-7 1 1-98 168 


* 


From these experiments the curve shown in Fig. 1 was constructed. 
The following table, showing the average hydrogen percentages in 
increasing expirations from 300 C. c. to 2 litres and in successive 1 
of 300 c.c. alveolar air, has e interpolated from the curve. 


40 

20 

— + 


Fig. 1. 

The variations in composition of the alveolar air amount to 2% 
hydrogen (11'8-13°7). They are not larger than we must expect from 
the unavoidable experimental errors, and there is nothing like a regular 

| 1 Biebeok. Ztschr. J. Biol. uv. p. 278. 1010. | 
PH. XLVII. 3 
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Bapiration Hydrogen Hiydrogen ingle. 

2 123 
0°5 80-1 | 150°5 
0-8. 2 188˙8 
35 11˙8 
2˙0 170 340 


Average (0°5 to 9-0 l.) 12°24 


decrease in 8 percentage. The test carried out by us 8 
therefore appear to confirm Siébeck’s conclusion. In spite of this the 
alveolar air after a single inspiration of hydrogen can be shown to be 
incompletely mixed and to contain more hydrogen in the portions 
expired earlier than in the later. 

When we began to make the determinations of the dead space we 
employed a mixture containing 15 to 20°/, hydrogen because that would 


be most convenient to analyse and the accuracy ought to be quite 


sufficient. The results were very unsatisfactory. The dead 

as determined varied quite irregularly and was generally much larger 
than we thought at all likely. We then tested every detail of the 
method and found that the only possible source of the irregularities 
must be the alveolar samples. We arranged therefore to take two 


samples of alveolar air from different depths during one and the same 


expiration. The subject expired through a four way tap and a rubber 
tube of suitable dimensions into a recording spirometer, and the samples 


were taken into vacuous sampling vessels connected with the tubing 


just in front of the mouth. In this way we obtained practically 
instantaneous sampling. In the first five of the determinations given 
below various hydrogen mixtures were inspired from the recording 
spirometer and expired back into it. In Exps. 6, 7, 8 and 10 pure 


hydrogen was iuspired from a bell jar immersed under water (see 


Fig. 2). In Exp. 9 a hydrogen mixture was inspired from a bag and 
the volume could not be accurately measured. The points on the 
expiration curves at which the alveolar samples of 20 c. 0. were drawn 
were in most cases visible on the records as momentary stops in the 
rise of the spirometer, but the location is not always certain. 


Among the ten determinations made there is only one exception 
(No. 5) to the rule that 125 last portion of the — will contain 
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2-8 
8 1-35 8-25 
18 16-09} after 
8 08 14 deep expirations. 
16˙66 
— 
10 1:8 22 „ 


less of the inspired gas than the earlier. As might be expected a very 
deep inspiration will diminish the differences between different portions 
of the expired air. 

In these circumstances it would appear to be an almost hopeless 
task to make determinations of the dead space, but as Siebeck had 
obtained results which were fairly consistent and on the whole probable 
we could not give the matter up, without ce to reduce the 
errors as far as Possible. 

The dead space is computed from the equation: 

h,+Dh,. 

This equation is transformed to 

hy)=E (hy hy) or 


in which E is the volume of the expiration and D the dead space. 
he, hg and h; are the percentages of hydrogen in expired air, alveolar 
air and inspired air respectively. E, he and h; can be determined with 
great accuracy while A, is always more or less uncertain. The error on 
hq will have influence on the differences h. he and -h and it is 
obviously of advantage to make these differences as large as possible in 
order to reduce the influence of the error. This is done. by making 
small and kt large, that is by inspiring pure hydregen and making 
a small expiration. It is of advantage further to reduce the volume of 
the inspiration, because that will reduce h.. 

Though a large inspiration of a hydrogen mixture will give the 
smallest absolute error on he it is easy to see that it will be much less 

3—2 


4 
‘ 
: 
F. 
— 
By 
2 
2 
2 . 
— 
pe 
A 
4 
x 
2 
ag 
7 
Re. 
4 
« 
* 
1 
a 
7 
4 
2 
. 
. 
12 
a 
2 
q 
ta 
* 
i 
ax 
* 


36 A. KROGH AND J. LINDHARD. 


favourable for a determination of the dead space than a small inspiration 
of pure hydrogen. A few concrete examples from our determinations 
will serve to make this clear. | 


1 Inspired 1:1 I. air with 18°70"), H,; expired 2°84 1. with 4-699, H.. 
Alveolar sample I after 1-751. expiration 3°38 % H,. 
Alveolar sample II after 2-34 L. expiration 2-97 % H,. 


4°69 — 3°33 
13°7 — 3°33 


4°69 —2-97° 
2-97 


2. Inspired 1°3 l. hydrogen; expired 2°22 1. air with 36°26 % H,. 
Alxeolar sample I after 1°2 1. expiration 32°48 % H,. 
2 ul. expiration 30°97 % H,. 


—— 


8. 10 ate with 2467 ½ 
Alveolar sample I 16-90 % H,. 
Alveolar sample II 16°00 % H,. in scondance with Exp. 6, p 4 


L D107 1520-107 0. o. 


24-97 — 15°00 9°97 


I. D=284 


= 807 e. o. 


: II. D=2°34 = 3874 c. o. 


It follows from the above considerations and examples that the 
variations Hand uncertainties with regard to the composition of the 
alveolar air will make the results obtained with hydrogen mixtures 
absolutely unreliable. Large inspirations and expirations of pure 
hydrogen may give very divergent results, but though results obtained 
with small inspirations and expirations of the pure gas are still somewhat 
uncertain, they cannot probably be more than 20c.c, from the truth. 
As this degree of accuracy is sufficient for our purposes, and indeed for 
most purposes with regard to the dead spaces, we have made a number 
of determinations. It is obvious that neither the inspiration nor the 
expiration can be reduced indefinitely in volume, because it is essential 
that they should be sufficient to wash out the dead space completely. 
We have found that to ensure this a volume of not less than en times 
the dead space is necessary and sufficient. 
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The final form which the method has taken 8 our hands is therefore 


the following (Fig. 2): the graduated bell jar 1 and the rubber tube up 
to the tap 2 is filled, generally with 500 c. c. pure hydrogen (99°67 /), and 


submerged. A small rubber ball is suspended from the top of the jar 
to act as a valve and prevent inspiration of water. The subject breathes 
through a mouthpiece or mask connected with the four way tap at 5, 
and before the experiment the passage is open to the atmosphere 


through 4. After an expiration the subject turns the tap and inspires — 


the hydrogen from 1 and thereupon expires through 3 to the recording 
spirometer 7. At the end of the expiration, which should be 600 to 
800 ¢.c. in volume, the tap is closed aad an alveolar sample is taken into 
the vacuous sampling vessel 6. The contents of the spirometer and the 
rubber tube connecting it with the tap are thoroughly mixed, and 
a sample is taken into 8. The dead space of the tubing 3-7 and the 


Fig 


spirometer has been accurately determined once for all, We always 
record the expiration on a revolving drum, and this has helped us in 
several cases, especially in determinations during muscular work, to 


avoid gross errors, which may be caused for instance by a small inspiration 


from the spirometer. We have not in the present series of experiments 


reduced the volumes to 37° and saturation with moisture but taken 


them as they were read off from the spirometric record, that is at the 
barometric pressure obtaining and saturated at a temperature of about 
18° C. in almost all our experiments. 

If the personal dead space of the subject is required the volume of 
tubing from the tap to the mouth (generally 12c.c.) is deducted, and 
the remaining volume of air must be reduced to 37° and saturation at 


that temperature. In the tables given below the volume of tubing 


has been deducted, but the reduction to 37° has been _— only on 
the final result for each subject. 
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We have made a number of determinations on four different subjects 
during rest, that is sitting on a stationary bicycle ergometer with the 
feet resting on supports. | 
For I. L. we have utilised. the expirations between 0°52 and 1°37 L 
of the Siebeck test series, assuming an alveolar H, percentage of 12°24, 
the average found, and compared these with a series of single determina- 
tions after the method described and with inspirations of 50: C.c. . 


0°52 91 27/12 0°6 96 
0°83 98 28/12 0-6 101 
81/12 08 88 
1-10 100 10 94 
1°37 85 1-0 108 
21/1 0-7 95 
2011 96 
18/2 0-6 
Mean 90 0. o. 98 +8 0. o. 
| Mean deviation of one deter- 
mination „„ p= +8 0.0. 


Personal dead space (87°) ... 109 ¢.c. 


Subject Date 11 

A. K. 18/2 0°5 154 

— — — 065 

— — — 1-0 150 

25/2 — 1-0 

— 0°85 146 411 

— 0°75 0˙8 

17/5 

— 20/5 0°75 0-66 12 

06 08 182 

1% 076 157 
— — 09 164 155 178 

— — — 0-8 144 | 

H. P 20/ 0˙6 0˙8 168 : 
0-6 156 162 1 


We * subjected the method to a further test by r 
increasing the dead space with a tube of 80c.c. put in between the 
mouth of the subject and the tap We found 
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31/12 0 5 09 15 18/2 0°5 0-9 201 
ji — 0°75 181 — — 0˙8 198 
25/2 — 11 212 
— — 1°15 208 
2 
Mean Mean 204 
Normal dead spaoe _ 98 dead space 
Difference _... Difference 15 


_ In the experiments with I. L. the result is satisfactory but with 
A. K. it is decidedly too low. We found however that a smaller tube 
of 40 c. c. capacity could be determined accurately enough in experiments 


on A. KA. We found 45°5c.c. as the average of two determinations ' 


giving 188 and 189 c.. for the total dead space. The reason why the 


whole of the large tube could not be found is in our opinion simply that 


the inspiration of 500c.c. was not sufficient to wash out completely 


a dead space of about 230 c. When we increased the inspiration to 


750 Ce. we found in two experiments with the tube of 80c.c. values of 
200 and 229 0.0. for the total dead space, corresponding to 57 and 86— 
average 72—for the tube. 

In several of the preceding experiments the rate of inspiration and 
expiration has been varied, but when such variations are kept within 
ordinary limits we cannot detect any influence. When both the 
inspiration and the expiration were much prolonged we found slightly 
higher values for I. L. (113, 126) than the normal 98cc. This is 
a result to be expected from a prolonged expiration because the 
H, percentage in the alveolar air must be lowered during the long 
expiration and the sample taken at the end must become less repre- 
sentative. A prolonged inspiration alone does not produce any increase 
in the value found for the dead space viz. I. L. 109 c. c., A. K. 136 c.c. 

Concluding from all the preceding tests that the Siebeck method 
will give fairly reliable determinations of the éffective dead space in 
breathing we have applied it during muscular work on the bicycle 
ergometer corresponding to 500 to 750 kgm. per minute or a respiratory 
exchange of 1500 to upwards of 2000 C.. oxygen per minute. The work 
was in every case continued for at least two minutes before an experi- 
ment was made. To make quite sure that the method would not fail in 
these circumstances we have repeated the Siebeck test on I. L. while 
a constant amount of work (500 kgm. per ate was 1 performed 
by 
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40 A. KROGH AND J. LINDHARD. 
We made the following single determinations with inspirations of - 
0°50 J. hydrogen throughout: 
No. — i 
0°25- 
2 053 26°95 
7 0°71 21°95 
3 %ẽ.ðòłk 21-55 
1-04 
4 1-16 17°7 
5 1°55 15°85 4 
6 199 14°3 
From these results the curve Fig. 8 was constructed which gave by interpolation _ 
% He — — — 
80 
¢ 4 
1 11 19 18 14 16 16 17 18 19 27 
„„ 
Expiration Hydrogen Hydrogen ate. air in ir 
0°3 39 · 5 118 4 
22 11 4 
0-5 28-0 140 
18 9 
0˙7 22°5 158 
103 
1˙0 18˙9 189 
27˙5⁵ 92 
13 16°65 216°5 | 
88 1 
16 166 249°5 | 
| 25 8:8 | 
19 4455 274 ·5 | 
Average (0°5 to191) 9-3 


The observed variations in the composition of the different portions 
of alveolar air are within the limits of error and no definite tendency 
can be detected’. Variations of this order of magnitude cannot seriously 
affect the determinations of dead space. When we take the mean of 
the values below 0°51. (93% p as the average alveolar H, percentage we 
can utilise the expirations of suitable size as above for determinations of 

1 The hydrogen percentages are distinctly lower than i ing experiment 
during rest, owing partly to the rapid oui of a work but 
especially to a larger volume of air being present in the lungs at the end of enpiration. 
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the effective dead space during work and compare them with direct 
determinations on I. L. 


Work 500" kgm. per min. 
Date 
053 91 18/2 11 98 
0-71 87 — 1˙2 98 
0°82 99 4/3 11 83 
1°04 93 
1-16 95 
Mean eee owe 93 Mean eee 93 
Found during rest 90 Found during rest 98 


_ Determinations made on I. L when the dead space was increased by 
a mask of 60c.c. gave during rest 122, 142 and 159 cc. mean 141, and 


during work 135, 158—mean 146. 


In experiments on H. P. and A. K. we experienced serious difficulties 
in determining the dead space during work, because these subjects were 
scarcely able to control their breathing with sufficient precision, As 
a rule, though not always, they inspired and expired more rapidly than 


during rest, which does not much matter, but usually they could not 


avoid making a very slight inspiration (50 c.c. or less) after being turned 
on for expiration into the spirometer. In order to be sure of detecting 
this inspiration, which will diminish the value found for the dead space 
by something like the volume inspired, we found it necessary to start 
with 100 to 200 cc. air in the spirometer. Any inspiration, however 
small, then becomes visible on the graphic record. 

We did not succeed at all in obtaining reliable figures for H. P. 
Two determinations gave : 


— 
86 0-92 141 40 181 
Found during rest Id 


but the 3 value of the corrections is of course uncertain. 
On A. K. we obtained two perfectly reliable determinations 


0-6 | 088 186 
90 0˙81 148 


We feel soni in concluding that the effective dead space is not 
measurably altered during muscular work, and even if this conclusion 
could be doubted, on the grounds that some—absolutely unknown 


1 In all the work experiments on I. L. ee . 
inspiration and expiration was not on the whole greater than during rest. ieee ary 
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source of systematic error might be present in the work experiments 
and absent in the rest experiments, it is evident at all events that the 
alterations which Haldane and Douglas deduce from their experiments 
cannot be real. With an increase of the dead space to 600c.c. the 
hydrogen from an inspiration of 500 cc. should not enter the alveoli at 
all, whereas we find between 300 and 400 c. c. H, in the alveolar air after 
such an inspiration. 

Haldane and Douglas lay great stress upon the importance from 
a teleological point of view of the increase in the dead space. They 
contend that a dilatation of the small bronchi is necessary to adjust the 
resistance to the greatly increased ventilation during muscular work. 


It must be borne in mind, however, that the volume of the small bronchi 


can only be a fraction of the total dead space—probably between 20 and 
40 0. and perhaps less, since the mouth, larynx, trachea and large 
bronchi, which do not dilate appreciably, will normally account for 
100 c. or more. In the bronchioli of less than 0°2 mm. effective dia- 


meter the resistance to the passage of air is inversely proportional, not 
simply to the sectional area (d'), but (roughly) to the square of it (d“). 


A doubling of the volume, that is an increase in the total dead space 
probably between 20 and 40c.c., would therefore reduce the resistance 
to 4, or perhaps further if the bronchioli are at all shortened by the 
dilatation. A comparatively slight increase in volume would therefore 
in any case suffice to adjust the resistance to the increase in ventilation 
during severe work, and increases of 400c.c. or more are from the 
teleological point of view improbable in the extreme, because they 
would diminish the resistance in the small bronchi out of all proportion 
to the needs and render the ventilation of the alveoli much less effective. 
If we take for instance a total ventilation of 401. per minute with 
a frequency of 20 (corresponding to work of about 650kgm.) a dead 
space of 150c.c. will give an alveolar ventilation of 37 l., but if the 
dead space is 500 C. c. the alveolar ventilation is reduced to 30 l. 


Our subjective experience leads us to believe that the resistance 


of the air passages is not diminished at all during muscular work. We 


find that the exertion necessary to make a single voluntary forced 


breath does not differ perceptibly from that experienced when the 
breathing is violent just after a short term of severe muscular work— 
during the work it cannot be estimated, In the latter case the 
dilatation should be in force according to Haldane and Douglas, while 
in the former it cannot probably come into play. We find further that 
during prolonged forced * a decrease in resistance is not at all 
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It is not proved and in our opinion not very likely that the bronchioli 
are the seat of the principal resistance against the ventilating currents 
of air. In many persons the nose is undoubtedly the narrowest portion 
of the air passages, where even a slight diminution of the sectional area 
produces a distinct increase in resistance even during rest. In not 
a few cases active dilatation of the nostrils is observed when the 
breathing is increased. That would not. have any meaning if the 
principal resistance was met with in the bronchioli. 

When the dead space is not materially increased during muscular 
work it must follow that in these circumstances the Haldane-Priestley . 
samples of alveolar air give values for the average CO, tension which are 


much above the real, and it becomes doubtful whether the alveolar 


CO, tension is at all increased during work. This consequence of our 
results may seem startling. We hope shortly to publish experiments 


which will show, independently of any assumption regarding the dead 


space, that the increase in alveolar CO, tension during work—if any— 


is very slight only. 
With regard to the Siebeck method employed by us we conclude 5 
from all the experiments and tests that the effective dead space can be 


fairly accurately determined by its means when all the precautions 
referred to above are observed. The mean error of a single determina- 
tion is however rather large (about 10% and there may easily, in spite 
of the precautions, be some systematic error besides. The tests carried 
out, and especially the double determinations on the alveolar air, go to 
show however that such an error—if it exists—is not likely t to exceed 


20 c.c. 


I. The distribution of a gas in the alveolar air after one inspiration 
of it is not uniform. The last portions of an expiration will contain less 


of the gas than the earlier. 


2. When certain precautions are observed the Siebeck method of 
determining the effective dead space in breathing will give results which 


are sufficiently reliable for most purposes, not 


free from systematic error. 
3. The effective dead space in breathing i is not appreciably altered 


during heavy muscular work. 


4. Thedirect method of determining the . of the alveolar 
air from samples taken at the end of e and expiration . 
untrustworthy —— muscular work. 
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THE NATURE OF THROMBIN AND ANTI-THROMBIN. 
By B. J. COLLINGWOOD, M.D., Professor of Physiology, 
University College, Dublin, and M. T. MAcMAHON, M.Sc. 


(From the Physiological Laboratory, University College, Dublin.) 


Opinion has been divided as to the nature of thrombin, many of the 
earlier observers regarding it as a ferment, whilst more recent work has 
tended to call this view into question. Howell and Rettger believe 
that it is not a ferment for they found that when a solution containing 
thrombin be freed from protein by repeated shaking with chloroform, 


ultimately a solution of thrombin remains which is not inactivated by 


boiling. Mellanby states that increase of fibrinogen concentration 
diminishes the rate of formation of fibrin by thrombin, a result opposed 
to all other ferment actions. As to anti-thrombin, little has been done 
to throw light on its nature. Mellanby has drawn attention to the 
fact that thrombin in the presence of fibrinogen is protected from the 
action of anti-thrombin. He also found that anti-thrombin was — 
destroyed by alcohol. 


THROMBIN. 


| The thrombin solutions used in the experiments . to 9 
described were prepared in the following manner. Sheep’s fibrin was 


well washed and then digested from 24 to 48 hours in 5% NaCl! 


solution. The resulting salt solution was very active as a coagulant. 
Influence of heat. Mellanby has shown that if thrombin be 
heated to 50°C. it is not destroyed, but that on raising the temperature 
from 50° C. to 60° C. an increasing destruction occurs, whilst at 60° C. 
thrombin is destroyed in five minutes, The experiments we conducted 
on the influence of heat confirmed these results exactly. 
Action of acid and alkali. In dealing with thrombin solutions it 
was observed that both acid and alkali had an injurious effect on 
thrombin. In a later experiment it became necessary to determine the 


degree of alkalinity that destroys thrombin. The following table ~~ 


the influence of varying strengths of alkali and acid. 
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in this case being destroyed irrevocably. 
a thrombin solution after incubation with alkali will give no precipitate 


THROMBIN AND ANTI-THROMBIN. 45 
I. 1 Thrombin +1 30 NaOH +1H,0 incubated at 40°C. for 10’=A. 


Thrombin+1 f H,80,+1H,0 ineubated at 40°C. for 10 B. 


A+oxal. blood—coag, time 1’. 
Boral. blood—coag. time—no clot in 15’. 


1 Thrombin +1 15 NaOH incubated at 40° C. for 10 C. 


C+oxal. blood—coag. time—no clot in 15“, 
Thrombin (once diluted) +oxal. blood—coag. time 10”. 


These experiments show the destructive action of acids and alkali 
on thrombin, the action of the acid being more potent than that of the 


- alkali. The addition of 36 H, S0, rapidly destroys thrombin, whilst 


ag NaOH has but a slight effect. This latter fact is of interest as it 


indicates that the marked destructive action of serum on thrombin 
cannot be due to any alkaline property of the serum. 

When alkali be added to thrombin some inhibition occurs before 
incubation, this inhibition is, however, removed by neutralisation. In 


this respect it differs from the inhibition following incubation, which 


inhibition is not removed by neutralisation, the activity of the thrombin 
As would be expected 


on boiling, the protein present being converted into meta-protein. It 


was found that if during incubation samples of thrombin were taken 
and tested for activity and then boiled, that so long as activity was 
manifested a precipitate occurred on boiling, and that when no preci- 


pitate occurred on boiling activity had disappeared. Such results are 


clearly in accord with the view that thrombin is a protein the 


coagulant activity of which is destroyed by its conversion into meta- 
protein. 

If thrombin solution be run into a large bulk of very dilute acetic 
acid precipitation occurs, and the precipitate tends to become a stringy 
mass resembling fibrin. A watery suspension was made of this 
precipitate and it was found to have no coagulant power. On the other 
hand a 5% NaCl extract of it was found to contain thrombin. The 


conclusion that this precipitate was fibrin became thus extremely 


probable. If it were fibrin the question arose whether it was merely 
fibrin precipitated from the thrombin solution where it had existed as 
such in solution, or was it fibrin formed from thrombin aud fibrinogen 
previously existing in the thrombiy solution. That it was in part at 
least of the latter origin is shown by the following experiment. 
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46 B. J. COLLINGWOOD AND M. T. MacMAHON. 
Thrombin solution which had been extracted from fibrin for 2-3 days 


was run into ten times its volume of 1 in 20000 acetic acid. The 


precipitate was allowed to settle in a separating funnel. Some of the 
precipitate was placed in a watch glass on the top of a water bath at 
56°C. On examining this it was found that coagulation had occurred. 
Such an occurrence can only mean that the suspension of precipitate 
contained both thrombin and some protein capable of coagulation by 
thrombin. Gamgee’s thrombin, therefore, contains these two bodies. 
This is quite consistent with the view that fibrin is a combination of 
fibrinogen and thrombin, the thrombin forming a linkage between the 
fibrinogen molecules or complexes. On this supposition the preparation 
of Gamgee’s thrombin would consist in the splitting by NaCl of 
this combination -thereby setting free its components, thrombin and 
fibrinogen. 

In opposition to this view is Mellanby’s observation that during 
the extraction of fibrin with NaCl solution a stage is reached when the 
protein in the solution increases in amount without any corresponding 
increase in the amount of thrombin. This objection does not appear to 
us to be in any way conclusive for the following reasons. Firstly it is 
impossible to detect increasing amounts of thrombin beyond a certain 
point unless a dilution method is employed. For example a 12 hours 
and a 48 hours extract both produced coagulation in 10 seconds, 
whereas the 48 hours extract contained more protein. It was found, 
however, that the later extract would stand much more dilution than 
the earlier extract without an increase of coagulation time. Secondly 
extracts of more than a few days’ duration exhibit a marked diminution 
of thrombin activity, there must, therefore, be a destruction of thrombin 
taking place, which destruction could mask increased formation of 

thrombin. 

Action of ferments. On the supposition that thrombin is a ferment 
the action of proteolytic enzymes on it becomes of interest ; an investi- 
gation was, therefore, made into the matter. Liquor Pancreaticus 
(Benger) was diluted with twice its volume of water and J, volume of 
2% Na,CO,. This mixture was divided into two portions, one of 
which (A) was boiled, and the other (B) was not Weiled. These 
were then incubated with thrombin and 2 thrombin tested after an 
interval. 

That the destrmetion of thrombin heal shown was not due to the 
products of activity formed by the action of the ferment on the proteins 
present was proved by the fact that on boiling B’ after incubation it no 
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longer possessed a power of destroying thrombin. All indications thus 
pointed to the thrombin destruction being caused by a ferment. The 
experiment does not indicate the nature of the enzyme, that is whether 
it be proteolytic, lipolytic or amylolytic. In the light of recent papers 
II. 1441 thrombin=A’, 
1B+1 thrombin -B. 
Before incubation After 10 at After 16’ at 40°C, 
A’ +oxal. blood Coag. time—30” Coag. time—30” Coag. time—30” 
B’ + oxal. blood Coag. time—30” Small thread 8’ No clot in 15’ 
Still a thread 15’ 


by Zach and Howell, it was important to determine, if possible, the 
nature of the enzyme. The above observers, following on the lines of 
Wooldridge, have brought forward some evidence to show that 
thrombokinase is a lipoid. It was possible on such a hypothesis to 
surmise that the destructive action of liquor pancreaticus was due to 
a trace of lipolytic ferment, that is if we are to regard thrombin as 
a kinase-thrombogen combination, which is, at least at the moment, 
a possible view to hold. To throw light on the matter we attempted 
to destroy thrombokinase of tissue origin by liquor pancreaticus, The 
attempt failed. We also failed to destroy by liquor pancreaticus 
thrombokinase of blood origin prepared in a manner to be described 
later. It was thus clear that the thrombin-destroying ferment was not 
a kinase-destroying ferment. Thus if thrombokinase be a lipoid, it 
was not a lipoid-destroying ferment. Further we found that thrombin 


solutions which had been acted on by liquor pancreaticus although having 


no action on oxalated blood were potent coagulants of freshly shed 
blood. 
| Taste III. Thrombin +liquor pancreaticus incubated at 40° C. for 80 =A. 

A+oxal, blood - oog. time—No clot in 10’. 

A+freshly shed blood—coag. time—1 8˙ 
Thrombokinase, accordingly, can be demonstrated in a thrvabbin 
solution after the action of liquor pancreaticus. An interesting point 
arose here as to whether this thrombokinase was previously existent 
free in the thrombin solution or whether it appeared as a result of the 


break down of a possible thrombokinase-thrombogen combination. 


That the former of these alternatives is correct is rendered most 
probable by the deductions from the method of preparing thrombokinase 


described by H. L. Buswell in this Journal. His method is as follows. 


Fibrin is well washed in tap water and then squeezed out in distilled 
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water, the squeezings thus obtained contain no thrombin but are rich 
in thrombokinase. Now if distilled water can thus extract throm- 
bokinase, it appears very reasonable to suppose that the NaCl solution oa 
used in the preparation of the thrombin will also extract thrombokinase * 
Thus we believe that the kinase in the thrombin solution after the 
action of liquor pancreaticus was previously existent in a free state in 
. the thrombin solution before the action of the liquor pancreaticus. 
Further evidence that this is the case is given by the results on the 
activity of a thrombin solution produced by dilution with oxalate solution 
on the one hand and with water on the other hand; the activity in ‘ 
both instances being tested on freshly shed blood. In the first instance 
activity is much more diminished than in the second instance, indicating 
the existence of thrombokinase as well as thrombin. 
To determine whether an amylolytic ferment was the active agent 
in the destruction of the thrombin we investigated the action of saliva 
on thrombin. It was found that thrombin was not ithe dare by 
4 | saliva. 
4 There can be little doubt in the light of the above experiments that 
the destructive action of liquor pancreaticus is due to a proteolytic 
ferment, that is to say to trypsin. Although we give the widest inter- | 
pretation to the specificity of ferments ws corollary is e that 
thrombin is of a protein nature. 


ANTI-THROMBIN. 


Serum is known to possess a destructive action on thrombin. To 
the substance responsible for this activity the name of anti-thrombin 
has been given. In the following experiments an attempt was made to 
discover the nature of this body. Serum was used as the source of the 
anti-thrombin in all cases save one in which heated oxalated blood was 
employed. 

Influence of heat. It had been previously observed by us that 
. heating serum to 56°C. greatly diminished its anti-thrombin activity. 
— - In the following table serum was heated to 60°C. and 65° C. and then | 

; incubated with thrombin, the thrombin activity of the resultant mixtures 9 25 
i being tested at intervals by adding samples of them to oxalated blood. 15 
E The serum used was two days old. 1 
It will be observed that at 60°C. there is a stocked destruction of 
anti-thrombin (cf. A’ and C’ coag. times) whilst at 65°C. the anti- 

| thrombin i is to all intents mee destroyed (B' coag. — 
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Tant IV. Seram heated to 60° O. for 10“ K. 
6 Serum heated to 65° C. for 10 B. 


Serum unheated =O. 
“A+thrombin solution incubated st 80° C. 
B+ ” ” ” 
07 * „ ” 20. 
‘Time of coag. — 
Period of incubation 
| 5’. 12” 10” 20” 
100” 
12” 7’ 20” 
380’ 70” 8’ 30” 


‘Thrombin (nos diluted with normal saline) +-oxal, blood—coag. time 11” 
To determine the influence of heat on rate of action of anti-thrombin, 
serum and thrombin were incubated together at room temperature and 
at 40˙ C., samples of these mixtures after varying periods of incubation 
were added to oxal. blood and the coag. times noted. | 


Taste V. Serum and thrombin incubated together room temperature=4. 


* ” ” ” 55 40° C. 2B. 
Oos. time on adding to oxal. blood 
Period of incubation A B 
65” 
10˙ 85” No clot 5’ 
20’ — 
80’ 41 — 


Thrombin (once diluted) + oxal. blood—coag. time 10”. 

These figures clearly show that the rate of action of anti-thrombin 
varies with the temperature, this is in marked contrast to the influence 
of temperature on the rate of action of thrombin where little or no 
variation of rate occurs within the above limits. The susceptibility of 
anti- thrombin activity to temperature changes suggest an enzyme 
action. The behaviour of anti-thrombin in media of different reactions 
became thus of interest. In the following e normal 1 


was regarded as having an alkalinity of = n 
VI. 1 thrombin inoubated at 40°C. for 10 A. 
1 Serum 36 H,80,+1 thrombin 4 bi „ 2B. 
1 Serum += H,80,+1 thrombin 55 95 20. 


A+oral. blood—coag. time no clot in 20. 
B+oxal. blood—ocoag. time—l’. 
oxal. blood—coag. time—no clot in 200. 
Thrombin (once diluted) + oxal. blood—coag. time 10”. 
PH. XLVI. 
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These results show that thrombin is destroyed by alkaline (i. a. normal) 
serum and by acid serum but is not destroyed by neutral serum. That 
the destruction by alkaline serum is due to anti-thrombin and not to 
the alkalinity is proved by a reference to Table I where it will be 


observed that * alkali had but a slight inhibitory action on thrombin. 
The same table shows that 36 H. S0. destroys thrombin, so that the 


acidity of the acid serum was in itself sufficient to account for the 
destruction of the thrombin without the intervention of anti-thrombin. 
It will, however, be shown subsequently that acid destroys anti- 
thrombin, 

If, as these results show, ‘aniti-Chrombin will not act in a neutral 
medium, it follows that if serum be obtained immediately after the 
clotting of blood and at once neutralised, such serum should maintain 
its thrombin activity and not rapidly lose it as is the case with un- 
neutralised serum, To determine whether this were the case, blood 


was allowed to clot and immediately centrifuged. In this way serum 


(S) was obtained seven minutes after the blood was shed. The serum 


was divided into two portions, one of which was neutralised, the other 


being diluted with an equal bulk of water. 


Tama VII. 18+1 5 KH, 80. 
=B. 


Immediately atter mixing 1 1·8˙ 
After 15’ 
Atter 30° 1 Thread in 15’ 

After 60 . | 1 No clot in 15 


These results are silanes in accord with the view that . 


5 * not act in a neutral medium. 


After the destruction of thrombin by liquor 8 or by anti- 
thrombin the resultant solution contains thrombokinase. This has 
already been demonstrated in the case of liquor trypticus in the case of 


anti-thrombin: the following table illustrates the fact. 


Taste VIII. Serum was heated to 56° C. for 10 minutes to destroy any thrombokinase 
‘Heated inenbeted 80° C. A. 


” „ Twater 2B. 
(2) AT blood Coag. time 8}’. 


(4) Thrombin+blood ...  Qoag. time 20”. 
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The existence of thrombokinase after the action of the serum is 
shown by comparing (2) and (3). The question whether this thrombo- 
kinase is pre-existent in the thrombin solution has already been 
discussed. | 

Action of acid. The effect on anti-thrombin of acidifying the 
serum, incubating it, and then neutralising it are shown in the following 
table. 


=A, 
24417. NaOH 
e incubated 45’ at 30° d. =A”. 
A” +oxal. blood Coag. time 80 secs. 
1 Serum +1 1g H,80,+1 NaOH incubated 10 at 50 C. 
B+thrombin incubated 45’ at 30° d. . 
blood Coag. time=4} mina. 


e with acid ‘thos destroys anti-thrombin and does not 
merely inhibit its action. 

Effect of realkalising neuttalised serum: The 
table shows the effect. produced. 


Tasta X. VV] 
34 1 thrombin incubated 30’ at 505 b. ant 
A” +oxal. blood—no clot in 10 mins. : 
incubated 10 ot 80° 0. =: =B. 
B+1 thrombin inoubated 80’ at 30° C. =B, 
B’ + oxal. blood—no clot in 10 mins. 


These results show that anti-thrombin in neutralised serum is not 
destroyed on incubation, in contradi istinction to the destruction on 
incubating acidified serum. 

The foregoing experiments indicate a close 3 between the 
behaviour of anti-thrombin and that of trypsin. Anti-thrombin is 
destroyed at a temperature similar to that of enzyme destruction. The 
rate of action of anti-thrombin is increased by rise of temperature. 
Anti-thrombin acts in an alkaline but not in a neutral medium. Acid 
destroys anti-thrombin. Neutralisation inhibits but does not destroy 
anti- thrombin. So great a similarity between anti-thrombin and 
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THE ACTION OF THROMBIN. 


If thrombin be a protein and not a ferment, an investigation into its 
mode of action becomes a less complex matter. We have to consider 
whether chemical or physical action is concerned or a combination of 
the two. It is certain that an obvious physical change occurs during 
coagulation, certain constituents of a colloidal solution becoming united 
so as to form a fine network of fibres. Are we to regard this union as 
entirely of a physical nature? If it were entirely physical, it would be 


difficult to distinguish it from an adsorption phenomenon. The fact 


that distilled water does not liberate thrombin from fibrin is evidence 


against the thrombin being adsorbed, and, if thrombin be as we believe 


the connecting link, it is also evidence against. the link being an 


_ adsorption link. On the other hand the fact that the temperature 


coefficient of thrombin activity is approximately unity excludes all 


forms of chemical action save isenergic changes in which friction is 


negligible. On the hypothesis that thrombin is a colloid it is ‘to be 
expected that friction should be negligible, for in whatever light we 


regard a colloidal solution the enormous relative size of the protein 


molecules entails, even if they be in true solution, very slow motion. 
In the interaction of two proteins one would not expect that the 
temperature coefficient would possess an appreciable frictional function. 
We incline to the view that the interaction of thrombin and fibrinogen 
is of a chemical nature, isenergic and uninfluenced by friction. 

The above view of the action of thrombin is dependent on the 
theory that fibrin is a combination of fibrinogen and thrombin. 
Allusion has already been made to the fact that Gamgee’s thrombin 


solution contains both a coagulable protein and thrombin, and this, as 


has been pointed .out, supports the hypothesis that fibrin is a combina- 
tion of thrombin and fibrinogen. 


It should be observed that the above b on the action of : 


thrombin: leave on one side the problems which arise in the formation of 
thrombin by thrombokinase. 


GENERAL CONCLUSIONS. 


1, . Thrombin i is destroyed (a) by heat en 50° C. and 60˙ C, 
® by acid and by alkali, the effect of the acid being more marked in 
equi-normal solutions, (o) by liquor pancreaticus ee the effect 
— due almost certainly to trypsin. 
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2. After destruction of Gamgee’s thrombin, thrombokinase can be 
demonstrated in the solution; the thrombokinase is pre-existent in the 
solution. 

3. Anti-thrombin is destroyed “oH heat between 60°C. and 65° C.; 
it is destroyed by acid, and will only act in an alkaline medium; 
neutralisation does not destroy it but only inhibits its activity. 

4. The rate of action of anti-thrombin varies directly with the 


temperature in marked contrast to thrombin. : 
5. We suggest that thrombin is a protein and anti-thrombin 
a proteolytic ferment. 
6. Gamgee’s thrombin contains thrombin, fibrinogen and thrombo- 
kinase. 
fibrinogen. 
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THE ILEO-CASCAL .SPHINCTER. By ARTHUR ;. 


HERTZ, M.A., M. D., F. R. C. P., Assistant to * 


the Physislogical Department, Guy's Hospital) 


No mixing takes place under normal conditions between the 3 cat : 


the small and the large intestines, so that fecal material which has 
once reached the cecum can never return into the ileum. This has 
been believed to be due to the mechanical action of the ileo-cxcal 
valve ever since its discovery in 1579 by Casper Bauhin, who found 
that after death it can resist a moderate degree of pressure from the 
side of the colon, but very little from the side of the small intestine. 
In 1903, however, Keitha suggested from anatomical considerations 
that a strong ileo-cecal sphincter exists in man and most animals, as 


the transverse layer of the muscular coat of the ileum is greatly 


thickened where it enters the colon, and in the following year Elliott@ 
proved experimentally that such a sphincter exists. 

It was thought by many that the function of the sphincter was to 
prevent the regurgitation of feces from the cecum into the ileum when 
antiperistaltic waves were set up in the ascending colon. Our X-ray 
investigations have, however, shown that antiperistalsis does not occur 
in man under normal conditions'; moreover, the ileo-cwcal sphincter 
does not always prevent regurgitation into the ileum, as, in common with 
other observers, I have seen a bismuth suspension pass into the ileum 
when run into the colon through the rectum at as low a pressure as one 
foot of water. There can be no doubt that the function of the 


1 J. T. Case in a communication read before the Radiological Section of the Inter- 
national Congress of Medicine since this paper was written states that he has seen anti- 
peristaltic cases with the X-rays in several normal individuals. But they were generally 
shallow compared with the wide lumen of the cwcum and would therefore hardly increase 
the pressure behind the ileo-cwcal sphincter, but would have a churning rather than a pro- 
pulsive action, very different from the purely propulsive action of the peristaltic waves of 


the end of the ileum, which completely obliterate its lumen and cause @ very considerable 


rise of pressure in part of the sphincter, 
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sphincter is, as Keith originally suggested, to prevent the contents of 
the ileum passing too rapidly into the cecum. Some recent observations 
made with Mr Alan Newton of Melbourne have confirmed and am- 
plified my earlier investigations on this subject. We have found that the 
bismuth-containing chyme reaches the end of the ileum an hour or even 
longer before any appreciable quantity passes into the cecum, and that 
the ileum is often still full four, five or more hours after the last traces 
of bismuth have left the stomach. Consequently an accumulation of 
chyme occurs in the last few inches of the ileum, where it remains and 
undergoes digestion, actually for a greater period than in the stomach. 
During the whole of this time active segmentation, but very little 
peristalsis, can be seen. It is clear, therefore, that the function of the 
ileo-cwcal sphincter is to prevent the passage of the contents of the 
ileum into the cecum until sufficient time has elapsed for digestion and 
absorption of foodstuffs to be complete, as the chyme which reaches the 
cecum contains only very small quantities of nutrient material in 
solution. Iliac stasis is thus a normal physiological condition of the 
utmost importance for adequate digestion. 

The ileo-cecal sphincter begins to relax at infrequent en 
some time after the chyme first reaches it. Relaxation appears to 
occur each time a peristaltic wave passes along the last few inches of the 
ileum. As, however, our X-ray observations have shown that peristalsis — 
is never very active in the extreme end of the ileum except during and 
immediately after meals, it is then that the greater part of its contents 
enter the cecum. This agrees with the observations of Cash who 
found that the peristalsis of the small intestine of a dog was increased 
by the smell of food and the mere act of swallowing, and that the entry 
of food into the stomach produced still more active movements. I first 
described some radiographic observations which pointed to the presence 
of a gastro-iliac reflex in 1909@, but its great importance was only 
clearly demonstrated by my recent observations with Mr Alan Newton. 

It is now clear that the filling of the cecum depends to a large extent 
upon a gastro-iliac reflex, which results in active peristalsis in the end 
of the ileum and relaxation of the ileo-cecal sphincter whenever food 
enters the stomach. 

The normal iliac stasis is increased in all conditions leading to spasm 
or to the inhibition of the normal relaxation of the ileo-cescal sphincter. 
In peritonitis due to acute appendicitis, for example, the sounds which 
normally indicate the squirting of the contents of the ileum into the 
gas-containing cecum cease completely owing probably to spasm of the 
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sphincter, which Elliott has showh occurs in animals when the 
splanchnic nerve is stimulated or the neighbouring peritoneum is 


irritated. In chronic appendicitis similar but less marked delay ofter 
occurs. One of the most marked cases of iliac stasis I have ever seen 
was in such a case, Six hours after the bismuth meal the stomach was 


empty, but no bismuth was present in the cacum, all of it having 
collected in the end of the ileum, though in the average normal 
individual the shadow by this time would have reached the hepatic 
flexure. The last few inches of the ileum could be clearly defined, as 
they were distended with chyme. Palpation under the screen showed 


that there were no adhesions, the whole of the ileum being freely 


movable, Twenty-four hours later some bismuth was still present in 
the last inch and a half of the ileum and a little in the cecum and 
ascending colon, all the rest having passed to the rectum, from which 
some bismuth-containing faces had just been evacuted. It was clear, 
therefore, that the only stasis in this patient’s alimentary canal was in 
the end of the ileum. Mr R. P. Rowlands operated and removed an 
appendix full of pus, but found that the ileum was perfectly normal and 


was free from adhesions. The ileo-cecal junction was not abnormally — 


narrow, so that it was clear that the stasis could have been due 
to nothing else than inhibition of relaxation or spasm of the * 
| 
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THE NORMAL MOVEMENTS OF THE COLON IN 
MAN. By ARTHUR F. HERTZ, MA, MD. Oxon, 
F. RCP, ALAN NEWTON, MS. 


(From the Physiological Department, Guy's Hospital.) 


THE researches carried out during the last few years by means of the 
X-rays on the stomach and small intestines have led to a clear 
understanding of their motor functions. The nature of the normal 
movements of the colon has, however, until recently remained a complete 
mystery. Whenever the shadow of the colon was examined after 
a bismuth meal, it was found to be completely immobile, so that it was 
assumed that the progress of its contents along the colon depended upon 
peristaltic waves, which were too slow to be observed. There were, 
however, two exceptions. Early in 1907 Hertz and Schlesinger’ 


watched the process of defecation and saw the contents of the cecum 


and ascending colon move bodily into the transverse colon, whilst 
everything beyond the splenic flexure was carried through the pelvic 
colon and rectum and evacuated. In April, 1908, one of us“ had an 
opportunity of watching for several minutes the movements of the 
contents of the colon of a woman during an attack of severe célic, due 
to obstruction produced by cancer of the pelvi-rectal flexure. At one 
moment the ccum and the transverse colon were seen and the ascending 
colon was invisible; then the shadow suddenly rushed towards the 
obstruction at the pelvi-rectal flexure, leaving the cecum and transverse 
colon empty; the next moment the bismuth had rushed back to the 
cecum again. Whilst this was going on, different parts of the colon 
were felt to rise up and contract into hard cords, the phenomenon being 
what Nothnagel described as intestinal stiffening. Not more than 
a second or two was occupied in the passage of the feces from one end 
of the colon to the other, and no definite peristaltic or antiperistaltic 
waves were seen. The explanation then offered was that the obstruction 

1 See Guy’s Hosp. Rep. uxt. p. 428. 1907. 

2 Herta. Arch. of the Roentgen Ray, June, 1908. 
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gave rise to violent spasmodic contractions of various lengths of the 
intestine above it, which caused their contents to be squeezed partly 
forward and partly backwards, the preponderating direction depending 
upon the distance of the contracting segment from the obstruction : 


this would explain the sudden disappearance of part of the colon shadow 


and the simultaneous appearance of other parts. 

In November, 1909, Holzknecht! published a paper, in which he 
stated that in the course of more than a thousand examinations of the 
human colon with the X-rays he had on two occasions seen the contents 
of one section pass onwards into a more distal section by a rapid 
movement lasting a few seconds. The movement was preceded by the 
sudden disappearance of the normal haustral segmentation, which 
returned after it was complete. He suggested that what he had 
observed represented the normal movements of the colon, which took 


place three or four times a day, the colon — wee inaotive 


— the rest of the time. : 
Holzknecht’s observations remained for more 


two years, and it was generally believed that his conclusions could not 
be correct, as otherwise the movements would have been seen more 


frequently. In April, 1912, however, Barclay“ recorded his observations 
on the colon of a patient suffering from carcinoma of the stomach. 
Twenty-four hours after his first examination, when all the bismuth 
had accumulated in the cecum, ascending colon and first part of the 
transverse colon, he saw a movement similar to that described by 
Holzknecht occur immediately after the patient had swallowed a few 
mouthfuls of food. In less than three seconds, as he judged, some of 


the fteces had passed along some twelve inches of the colon; there was 


no break in the shadow of the colon from the cecum to a point nearly 
six inches beyond the splenic flexure. So far as he could make out the 


haustral segmentation disappeared during the movements, but he could 


not be certain about this, as the movement was 80 rapid that he could 


hardly follow it. Dr Barclay tells us that at the end of 1912 he again 


saw a similar movement of the intestinal contents; the shadow extended 
to just beyond the hepatic flexure before its occurrence, and after it was 
over there was no break in the continuity of the shadow from the cacum 
to the splenic flexure. In the paper describing his first observation, he 
reproduced three radiograms, which afforded evidence of the occurrence 
of a sudden movement of the contents of the colon in an additional case. 


1 Münch. med. Wochensch. uyt. p. 2401. 1909. 
2 Arch. of the Roentgen Ray, April, 1912. 


j 


vat 7 « 4 
4 
Onde 
= = 4 
4 
— 
} 
= 
8 
3 
* 
* 
4 
| 
| 
11 
11 
? 
? 
| 
3 


MOVEMENTS OF COLON. . 59 


_ Shortly after the appearance of Barclay’s paper, one of us (A. F. H.) 
saw for the first time a similar movement of the contents of the colon 
in a woman suffering from muco-membranous colitis. She felt nothing 
at the time and the movements corresponded exactly with what 
Holzknecht and Barclay described. 

On referring to the tracings of the colon taken at hourly en in 
our earlier researches on the passage of food along the intestines, it 
occurred to us that large movements of the colon, as. described by 
Holzknecht, must often take place during or immediately after 
a meal, as we were struck at that time with the fact that though as 
a rule little or no appreciable change could be observed in the shadow 


Fig. 1. 


of the colon after a whole hour, a great advance occurred during the 
hours in which meals were taken. We therefore made an X-ray 
examination of six normal individuals whilst they were eating an 
ordinary dinner between five and seven hours after a bismuth or barium 
breakfast; on two occasions we were successful in seeing a * 
movement of the colon’. 


I habitually make six hours after a barium meal in order to determine whether any 
gastric stasis is present; in this way I have twice seen a similar movement. Quite 
recently I accidentally observed mass peristalsis in a man half an hour after he had 
opened his bowels; he had felt the desire to do so immediately after having tea. (A. F. H.) 
Since this paper was written, J. T. Case of the Battle Oreek Sanatorium has recorded 
national Medical Congress in August, 1913. 7 
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The following are descriptions of the second, third and fourth of our 
six observations; the first was seen so unexpectedly that there was no 
time to take tracings, and the last two were almost identical in character 
with the fourth. (1) A man of thirty-five, suffering from no gastric or 
intestinal symptoms, took two ounces of bismuth oxychloride at 7 a.m. 

with porridge, after which he ate bacon and eggs, bread and butter and 
tea (Fig. 1). The first trace of bismuth reached his cecum at 10.30 a. m. 
and at 11 am. the shadow was practically unaltered. He then walked 


two inches of the transverse colon became visible (a). At 12 noon and 
12.30 p.m. there was no change in the shadow. He beyan his dinner at 
12.30 p.m. and when examined immediately after he had finished there 
was still no change, but five minutes later the shadow was found to 
extend to within two inches of the splenic flexure (6). Apparently a 
large movement of the colon had taken place, which we had missed. At 
1 p.m. the shadow was unaltered. Five minutes later the patient said 
that he felt a very slight desire to defecate; we therefore looked at him 
again and were fortunate enough to see a movement taking place. The 
shadow of the cewcum and ascending colon did not seem to alter, but 
that of the transverse colon became narrow and its most distal end 
rapidly passed round the splenic flexure down the descending colon to 
the middle of the iliac colon. The movement occupied a few seconds 


seconds afterwards the shadow of the transverse colon became split up 
and showed the usual haustral segmentation. The shadow of the whole 
bowel from the cecum to the iliac colon was continuous (o). The patient 


except that everything beyond the splenic flexure had disappeared in 
accordance with our old observations on defmcation (d). The patient 
had nothing more to eat until 6pm. and no further change in the 
shadow occurred. | 
(2) A normal man had an ordinary breakfast with two ounces of 
barium sulphate at 7am. At 12 noon the shadow of the end of the 
ileum, the cœeum and ascending colon was visible (Fig. 2 (a)). He then 
had an ordinary luncheon, consisting of meat, vegetables and pudding. 
During the meal the cecum and ascending colon became more filled 
owing to the rapid emptying of the end of the ileum, and towards the 
end of the meal a large rounded mass at the hepatic flexure became cut 
off from the rest of the ascending colon (b). Immediately after the 
meal was finished some of this was seen to move slowly round the 


for half an hour, after which the shadow of the ascending colon and first 


only, and whilst it occurred the shadow was of uniform width. A few 


then defscated and at 1.30 p.m. the shadow was practically unaltered, 
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hepatic flexure (o); the diameter of the separated portion then became 
suddenly much smaller, the large round shadow being replaced by 

a long narrow one, which extended from the hepatic flexure almost to 
the splenic flexure (d). The shadow was at first uniform, but in a few 
seconds haustral segmentation developed (e). About five minutes later 
the shadow suddenly became still more prolonged and passed round the 
splenic flexure (J), down the descending colon and iliac colon (9) to the 
beginning of the pelvic colon. When the movement ceased a gap was 
present between the most distal shadow in the transverse colon and 
a shadow three inches in length in the first part of the pelvic colon () 
A similar appearance to this (h) is very frequently seen in the routine 
examination of patients after a bismuth meal; the presence of the 
distinct shadows separated entirely from each other or connected 


4 “ 

i 


2. 


together by a faint streak is almost certainly due to the occurrence of 
a movement similar to that just described. The patient experienced no 
sensation of any sort during either movement. | 
(3) A woman, seen seven hours after a barium meal, was found to 
have no barium left in her stomach, but some was present in the cecum = 
and also in both limbs of the splenic flexure (Fig. 3 (a)). Nothing was 
seen in the ascending colon and transverse colon, so that it seemed 
_ probable that a large movement had taken place and carried the 
contents of the ascending colon to the splenic flexure. As the patient 
said that she felt faint with hunger a glass of milk and some bread and 
butter was brought into the room. Before she had time to eat anything 
the shadow of the splenic flexure was seen to become greatly narrowed, 
and the peripheral part passed in the course of about ten seconds down 
the descending and iliac colon to the pelvic colon (6). It left a faint 
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interrupted streak behind it; at the end of the movement the shadow 
of the caecum was unaltered, a small shadow was seen in the position of 
the most proximal part of the original splenic flexure shadow, and a 
narrow interrupted streak extended down the descending and iliac 
colon to the pelvic colon, which had previously been invisible, but was 
now seen to contain a moderate quantity of barium (c). 

We believe that the movement of the contents of the colon in 
defecation and that seen by Holzknecht, Barclay and ourselves in 
normal individuals apart from defecation are examples of the same 
phenomenon. Under natural conditions the passage of frces along the 
colon is mainly due, as Holzknecht suggested, to a rapid movement 
along a considerable length of bowel repeated three or four times a day. 
We are still uncertain as to the nature of the movement. It is most 


— — 


— b 


Fig. 8. %%% T (b) Shadow of splenic 
flexure suddenly narrowed and extending distally down descending colon and iliac 
colon. (c) End of movement: shadow of cecum and ascending colon unaltered ; 
traces left in descending colon ; commencement of pelvic colon visible, 


probably due to a powerful peristaltic wave, but it appears to be 
associated with an increase in the tonic contraction of the circular coat 
of the whole of that part of the colon through which the wave has passed. 
It would be difficult to explain the change from (o) to (d) in Fig. 2 in 
any other way. 

The chief stimulus to this movement is the entry of food into the 
empty stomach, as the gastro-colic reflex, which Hertz described four 
years ago’, seems to result in this type of action. In most individuals 
it only results in defecation after breakfast, as the pelvic colon is then 
full and the sudden passage of faces from it into the rectum gives rise 
to the call to defecation. After other meals the desire to defecate is 
not often felt, as—if the first attempt to defecate has been successful— 
the colon contains comparatively little feces, and none is present beyond 


i Herts. Constipation and allied Intestinal Disorders, p. 18. Oxford. 1909. 
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the splenic flexure until the later part of the afternoon, nor in the end 
of the pelvic colon until the evening. In spite of this, some individuals 
with an abnormally excitable nervous system experience the desire to 
open their bowels after each meal, as their gastro-colic reflex is 
exceptionally active and the large movements through the colon are 
apparently so great that a further quantity of feces reaches the rectum 
after each meal. The movements occurred in one of our subjects when 

she felt faint with hunger, and food was brought into the room. This 
is a remarkable example of the influence of the mind on the motor 
functions of the intestines, corresponding to what has been so well 
studied by Pavlov in connection with the secretion of the digestive 
juices. In connection with this it is interesting to note that some 
patients, who suffer from diarrhœa after meals, also have diarrhoea when 
they are faint with hunger as a result of the unusual postponement of 
the hour of a meal. 

When the colon is distended by means of an enema, active con- 
tractions often take place in it, as first described by Bergmann and 
Lenz’. One of us (A. F. H.) has frequently observed them with 
the X-rays by running a suspension of barium sulphate into the colon 
through a tube introduced into the rectum. The fluid runs passively 
by hydrostatic pressure as far as the cecum in normal individuals. 
When the amount injected is greater than about a pint and a half or 
when the pressure is more than about a foot and a half, and less 
frequently when the quantity and pressure are below these limits, the 
distension of the colon stimulates it to contract, and the fluid can be 
seen to pass rapidly in each direction from the contracted segment. 
Movements may continue without interruption, but more commonly 
they take place at intervals of some minutes, when they are often 
associated with a desire to empty the bowels. It has been suggested that 
the passage of some of the fluid towards the cecum is due to anti- 
peristalsis, but the appearance is not at all suggestive of this. The 
sudden contraction of a segment of the bowel squeezes all the fluid out 
of it; that in the proximal part passes towards the cecum while that 
in the distal part passes towards the rectum. The phenomenon is thus 
identical with what I have already described as occurring in the colon 
behind an organic obstruction; it is probably distinct from the movement 
occurring normally in the colon during defecation and at other times, 
especially during and after meals. It is certainly nothing in the nature 
& peristalsis; it appears to be due to the contraction of the an, 

med. Wochensch. XXVII. p. 1428. 1911. 
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coat of the whole of a segment of the colon at the same moment. The 
stimulus to the movement is distension, to which may probably be added 
the chemical stimulation by an unknown substance, which Roger has 
shown forms in the fluid feeces, which accumulate above an organic 
obstruction of the colon. Bergmann and Lenz were also able to 
observe the movement more constantly if they added —— 
to the fluid they injected into the bowel. 

Passive filling of the colon. The cheum and ascending colon become 


gradually filled by the passage of chyme from the end of the ileum into 
the cecum each time a peristaltic wave reaches the ileo-cecal sphincter, 


the sphincter relaxing at the same moment. The peristaltic waves are 
0 strong that the intestinal lumen is completely obliterated and the 
chyme is consequently squirted with considerable force into the cecum. 
In the erect position, if the cecum is empty, as it normally is until 


Fig. 4. (a) Before tea: cecum and ascending colon filled with barium-containing chyme. 


(i) After tea: barium-containing chyme in omoum partly replaced by barium-free 
chyme from ileum: first part of transverse colon visible. 


about five hours after breakfast, the semi-fluid chyme collects in the 
lowest part of the cecum. As more and more chyme enters, its upper 
surface gradually rises until perhaps the whole cecum and ascending 
colon may be filled. The cecum and ascending colon play an entirely 
passive role, the filling being due entirely to the activity of the ileum, 
the pressure at the end of which, as a peristaltic wave passes towards 
the sphincter, is considerably higher than that in the cecum; the latter 
is the same as the general intra-abdominal pressure or possibly slightly 
higher owing to the tonic contraction of its muscular coat. We have 
repeatedly watched this passive filling of the proximal part of the colon 
with the X-rays, and it has previously been observed by Hertz in 
conjunction with Messrs E. G. Schlesinger, A. H. Todd, F. Cook 
and H. L. Gardiner by means of auscultation, palpation and percussion. 


Our recent observations have shown that the passive filling of the colon 
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occurs very slowly except during and immediately after meals, this being 
the period in which peristalsis at the end of the ileum is most active as 
a result of the gastro-iliac reflex, which is consequently as important for 
the colon as the gastro-colic reflex’. When the ileum no longer contains 
any bismuth, all of which has collected in the cecum and ascending 
colon, the entrance of chyme into the cecum during a meal can still be 
observed by the appearance of a clear area in the cecum, when the 
bismuth-free chyme replaces that containing bismuth (Fig. 4). 

Local contractions of single saccult. Elliott afd Cannon have 
seen local contractions occur in single sacculi of the exposed colon of 
animals, These movements are similar to the segmentation, which 
occurs in the small intestine, and result in churning of the contents. 
Though they are very rarely observed in the human colon, one of us 
(A. F. H.) has once seen quite definite segmentation with the X-rays in 
the transverse colon of a woman, in whom the irritability of the mucous 
membrane was increased as a result of chronic infection of her colon 
with a pathogenic streptococcus. We have also observed small rapid 
movements in the haustra of the caecum and ascending colon in several 
of the normal individuals whose intestinal movements we recently 
investigated, especially during and immediately after meals. Schwarz’, 
by tracing the outline of the shadow of a part of the colon after 
a bismuth meal at short intervals, found that very slow contractions 
are constantly occurring in all parts of the large intestine, but most 
powerfully and most rapidly in the proximal parts. The contractions — 
are either completely stationary or move very slightly backwards and 
forwards; they lead to mixing of the contents at the colon, but do not 
propel them in either direction. 


Warts. mm 1018. 
2 Miinch. med. Wochensch. LVIII. p. 1489. 1911. 
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THE ACTION OF IONS AND LIPOIDS UPON THE 
FROG’S HEART. By A. J. CLARK, M. B., British * 
Association Research Scholar. 


(From the Pharmacological Laboratory, London.) 


A rnod's heart, when isolated and perfused, passes into an enfeebled 
te, in which both the force of contraction, and the rate of the 


— conduction of excitation, are impaired (hypodynamic state); and the 


object of this paper is to determine the cause of this condition. The 
hypodynamic state has been investigated by comparing the action of 


certain ions and lipoids upon the fresh heart, with their action upon the 


hypodynamic heart, and from these results conclusions have been 
drawn as to the probable — that occur in the heart during 
prolonged perfusion. 
Method. Freshly caught male frogs (Rana 8 of medium size 
(25 to 35 grins. ), were used, and the experiments were performed during 
the winter and spring. 

The hearts were isolated and perfused by means of the two —— 
method described in a previous paper h. In this method the flow 


through the heart is maintained by means of the heart's valves, and the 


sinus, auricle and ventricle are exposed equally to the action of the 
perfusion fluid, and all parts contract against pressure, the auricles 
against a pressure of 2 cms., and the ventricle against a pressure of 


10 cms. of water. This ventricular pressure is considerably lower than 
the systolic pressure in the intact frog, which is between 30 and 50 ems. 


of water (Jacobjas). A special advantage of the apparatus used is 
that either a fluid can be perfused continuously through the heart, or 
a few cubic centimetres can be circulated, and the two conditions can 
be alternated without alteration of the pressure. 

The movements of auricle and ventricle were recorded by means of 
light straw levers writing upon a drum, and the outflow ‘per minute 
from the ventricle was measured at intervals. From these measurements 


the following facts could be determined: (1) rate of beat, (2) volume 
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output of heart per minute and per beat, (3) amplitude of isotonic 
contraction of auricle and ventricle; (4) shape of the curve of contraction 
of auricle and ventricle, (5) auriculo-ventricular interval. 
Wben a heart is isolated by means of the method to which I have 
referred, the sinus is preserved intact, and the frequency of the beat is 
determined by the excitability of the sinus, and therefore alterations in 
the frequency of the sinus beat indicate alterations in the excitability of 
the sinus. The sinus rate was determined by the record of the auricular 
movements, or, when sino-auricular block was suspected, by direct 

observation of the sinus. 

The volume output per beat and the amplitude of the ventricular 
contraction both indicate the force of the ventricular contraction, but 
both measurements are subject to certain errors which require considera- 
tion. Several workers have investigated the mechanical conditions 

- modifying the volume output per beat of the excised frog's heart. 
Frank un showed that increase in initial tension increased the volume out- 
put; and that an increase in frequency diminished the initial tension in the 
excised heart and he also called attention to the fact that any insufficiency 
of the auriculo-ventricular valves produced a very serious error in the 
volume output. Jacobj un stated that above a certain tension increase 
in the venous pressure diminished the volume output, but his results 
are not of present importance because low venous pressures (2 to 8 om. 
of water) were always used in my experiments. Frank's conclusions 
i suggest that alterations in frequency will alter the volume output by 
altering the initial tension in the ventricle, and also that changes in 
the strength of the auricular contraction will modify the volume output * 
in the same manner. The alterations that changes in the rate can 
produce in the volume output are shown in Fig. 1, for in this case the 
changes in the volume output bear no relation to the changes in the 
amplitude of the ventricular contraction, but they vary inversely as the 
rate; this shows that the volume output does not measure accurately 
variations in the force of the heart’s contraction when changes in the 
rate occur simultaneously. Even when the rate remains constant the 
volume output and the amplitude of the ventricular contraction do not 
always show similar variations, but these differences may be explained 
by the following considerations. All diameters of the heart shorten 
during systole, and therefore the output of the heart varies roughly as 
the cube of the diameter, hence the output of the heart per unit 
shortening of length is much the largest at the commencement of 
contraction and diminishes n as the contraction proceeds Within 
5—2 
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certain limits therefore, failure of the heart to complete its systolic 


contraction diminishes the volume output much less than does failure to 


complete its diastolic relaxation. On the other hand the amplitude of 
contraction is a direct measure of the alterations in the length of the 
ventricle; but observation of the excised heart shows that at the 
completion of diastole the shape of the ventricle changes from an oval 
to a more nearly spherical form, and that the completion of diastole is 


not associated with any increase in length of the ventricle, and indeed 


27 30 


0 10 iS 
Time in hours 


rate alters very markedly and the pulse volume is more affected by alterations in the 


20 


a a alight decrease in length often occurs. The amplitude of contraction 
therefore records completely all alterations in the degree of systolic tone 


attained, but imperfectly records any alteration in the degree of 


diastolic relaxation: on the other hand, the volume output is greatly 
affected by any alteration 1 in the degree of diastolic relaxation, but is less 
affected by alterations in the degree of systolic contraction. These 


considerations satisfactorily explain any apparent discrepancies between 
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the two sets of measurement, which together are believed to furnish 
an accurate estimate of the changes in the force of contraction. 
Mines e has shown that an increase in the interval between the 


mechanical responses of the auricle and veutricle does not always — 


signify a decrease in the rate of conduction of the electrical variation; 
for it may indicate either an increase in the latent period of the 
ventricle, or a delay in the transmission of the electrical variation, and 
in the former case the conduction may be unimpaired. The exact 
significance of the alterations in the a-v interval described in this 
paper therefore is uncertain in many cases. Moreover the A-V interval 
was only measured to the nearest 01 second, and small changes in its 
length therefore were not detected. 


An increase in the length of the 88 response of the ventricle 


was usually accompanied by an increase in the length of the A-V interval, 
and in such cases the alteration in the former measurement bore no 


relation to changes in the height of the ventricular contraction: but 


when the length of the a—v interval remained constant then an increase 
in the height of the ventricular contraction was accompanied by an 
increase in its length. Mines d showed that there was no constant 
relation between the length of the mechanical response and the length 
of the electrical response of the ventricle. 

Heart block occurs very frequently in the hypodynamic heart and 
therefore it is necessary to consider its significance. Erlanger un 
experimented with the hearts of mammals and of turtles and concluded 
that heart block was caused partly by a diminution in the strength of 
the impulses from the auricle, and partly by these impulses reaching the 
ventricle before its irritability reached the level at which the normal 
auricular impulse would be an efficient stimulus. In the frog heart 
block nearly always occurs in hearts in which there is both a prolonga- 
tion of the AV interval and an increase in the length of the ventricular 


contraction; in most cases the former condition is the more marked, 


and in these cases block presumably is due chiefly to — with 
the conduction between auricle and ventricle. 

There is no constant relation between an increase in the length of 
the A- interval and the appearance of block, for the A-V interval may 
be very greatly increased without block occurring (cf. Fig. 7, 2), and on 
the other hand, an increase in the length of the ventricular contraction 
may produce heart block without the length of the a—v interval being 


| altered (cf. Fig. 6). Heart block indeed appears in an extremely 


irregular manner, and if two hearts are treated in a similar manner, 
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block will often occur in one and not in the other (cf. Fig. 7). These 
facts confirm the view that block is due to two independent causes, 
firstly, impairment of conduction, which probably is indicated by 
increase in the length of the A-v interval, and secondly, delay in the 
recovery of the ventricle, which is indicated by increase in the length 
of the ventricular contraction. 
, Ringer's fluid of the following composition was used: NaCl 065 ½; 
KCl 0:014°/,; CaCl, 0012 %; NaHCO, 001% NaHPO, 0001 
glucose 0˙2 %,. 
Sörensen's indicator method was used to determine the concentra- 


tion of the hydrogen ion (Cq-) in fluids; in Ringer's fluid the On- : 


was found to be 10. The literature dealing with the action of ions 
upon the excised frog’s heart is very large, and since recent bibliographies 
are given by Robertson» and Herlitzkaan, the writer will only 


refer to the more important papers dealing with the special questions 


with which this paper is concerned. 


Part I. THE ACTION OF KATIONS. 
Tue effect upon fresh hearts of alterations in the ionic content 

of Ranger's fluid. 
(i) Alterations in the NaCl content. Lussana dn showed that if the 


osmotic pressure were maintained by the addition of urea, the NaCl 


content of Ringer could be reduced to 0-2°/, without injuring the heart, 
but that further reduction impaired its activity. He also showed that 
any increase in NaCl above 0˙2 diminished the excitability of the heart 
(as measured by minimal induction shocks), and decreased the force 
of the beat. I have shown & that if the osmotic pressure is maintained 
by addition of cane sugar, the concentration of NaCl can be reduced to 
between 0-1 and 0˙2 / without injuriously affecting the activity of the 
heart. Dale @ experimented with the excised mammalian uterus, 
and found that slight alterations in the osmotic pressure markedly 
atfected the response of the organ to numerous drugs, but that when the 


osmotic pressure was kept constant alterations in the NaCl concentration 
had no such effect. | 


Experiments were made to determine the effect upon the frog’s 


heart of alterations both in the osmotic pressure and in the NaCl 
content. An increase in NaCl from 065 to 075 /, produces an 
immediate diminution in the amplitude of contraction, from which the 
ueart slowly recovers ; if the concentration of NaCl is reduced from 0°63 
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to 035% and nothing i is added to keep the osmotic pressure constant, 
there is an immediate increase in the amplitude of contraction, but 
this is succeeded by a diminution in contraction and finally by death, 
the last effect being due to the 1 8 effects of the low oamotic 
pressure. 

If the osmotic pressure be kept constant by addition of cane sugar 
(J cane sugar being isotonic with 0°65°/, NaCl), the last mentioned 
effects are avoided, and a decrease in NaCl from 0°65 to 0°825 ½ causes 
an increase in the amplitude of contraction, which is maintained for 
several hours; an increase in NaCl from 0325 to 0°65°, causes the 
same effects as before, namely, a decrease in the amplitude of contrac- 
tion and a slight increase in the rate. 


Fig. 2. Effect of altering the concentration of NaCl. A. Heart after 10 ming. perfusion 
with Ringer containing NaCl 0-32°/,; cane sugar 3°5°/,. B. The same after per- 
fasion 5 mins, with hypotonic Ringer containing NaCl 0°32°/,. C. The same after 

perfusion 10 mins. with Ringer containing NaCl 0°32 % ; cane sugar 3°5°/,.. D. Ringer 

containing NaCl 65 % perfused. E. The same 20 mins. later. F. Hypotonie Ringer 
containing NaCl 0°32 % , perfused. 

In all cases the tracings read from left to right: the upper tracing shows the 
auricular and the lower the ventricular movements: the levers magnify the actual — 
movements ten times: the upstroke shows systole. The time is marked in seconds, 


te tracing. 

When the NaCl concentration is kept constant and the osmotic — 
pressure is varied by altering the concentration of the cane sugar, it is 
found that the heart can only maintain its full activity when the 
osmotic pressure is between figures corresponding to 0°5°/, and 0˙7 / 
NaCl, but when the osmotic pressure is altered within these limits the 
effect upon the heart is very slight indeed (ef. Fig. 2). If the osmotic 
tension is maintained constant by addition of sugar, and the concentra- 
tion of NaCl is reduced below 0°2%,, the frequency of the beat is 
reduced greatly, but the beats increase in amplitude and systole is 
prolonged. When NaCl is omitted the heart immediately dies in 
— and it is found impossible to maintain the activity of ae 
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in the absence of NaCl by any alteration in the concentration of the 
other ions. 

_ Alterations in the Cad 88 have a very marked effect apon 
the heart, increase in Cxsci depressing the heart, and decrease in 
Cxsdi Stimulating the heart, and these effects are observed whether the 
osmotic pressure be kept constant or not (cf. Fig. 2). On the other 
hand, alterations in the osmotic pressure within certain limits have little 
effect upon the heart if the Cyaq be kept constant. If 065% NaCl 
be replaced by an isotonic solution containing equal amounts of NaCl 
and Na acetate, no immediate effect is observed, and the effect observed 
when NaCl is in part replaced by cane sugar is therefore not due to 
reduction in the Cg. 
These experiments upon the frog's heart form an interesting contrast 
to Dale’s experiments upon the isolated mammalian uterus, for in the 
first case alterations in the Cy, have a very marked effect, and altera- 
tions in the osmotic pressure have but little effect, while the mammalian 
uterus is markedly affected by alterations in the osmotic pressure. 

(ii) Action of cane sugar. Reduction in the Cxaci produces the 
same immediate effects whether cane sugar be added or not; moreover 
if either urea or glucose be used to maintain the osmotic pressure, the 
same effects are observed as when cane sugar is used. The results 
obtained therefore are not due to any specific action of cane sugar on 
the heart. Lussanags) and Tysebaert«s both found that glucose and 
cane sugar depressed the excised tortoise heart. I find that addition of 
either cane sugar or glucose produces a slight increase in the force of 
the beat of the excised frog’s heart; cane sugar has not the slightest 
poisonous action upon the heart, for a heart will beat 50 hours when 
perfused with Ringer containing 3°5°/, of cane sugar (cf. Fig. 8). 
The frog’s heart was found to have no ) power to utilise cane sugar as 
a food. 

for 16 hours; the cane sugar present in the circulating fluid and in the stock solution was 


then kindly estimated by Mr Cruickshank by Bertrand’s method, and was found to be 
0-041 °/, and 0-036 % of cane sugar respectively. 


Some of the effects obtained with cane sugar might be 3 if 
the sugar contained calcium, but the conductivity of a 10% solution of 
the cane sugar used in the experiments was kindly tested by Prof. 
Bayliss, and the total electrolytes were found only to correspond to 
a 0000125 N solution of CaCl,, a quantity too small to produce any 
—_ The effects observed when NaCl is in part replaced by cane 
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sugar are not due to alterations in viscosity, for 1% glycerine has no 
stimulating action upon the frog’s heart, but its viscosity is 855 to 
that of 3°6°/, cane sugar. 


2. The of various dun. wore tested by Searpe's modification of 
Ostwald's method and the following results were obtained: 


Tap water 1:00 

Ringer (NaCl 0-65 70 1°05 

| Ringer (NaCl 0-326 %; Cane 8°5 1˙12 

Ringer (NaCl 0-665 % ; Glycerine 1% 111 


These experiments all agree in showing that cane sugar has very 
little chemical or physical action upon the frog's heart, and that the 
results obtained when it is substituted for a part of the NaCl in Ringer 
are due chiefly to the reduction of the concentration of the Na ion. 

(iii) The action of other changes in the ionic content of Ringer upon 
the fresh heart. Ringer d showed that an increase in Co, or a decrease 
in Cu-, Cx or Cy, all produced increased systolic tone of the heart, 
whilst the reverse changes produced increased diastolic relaxation. 
Lussana an showed that the electrical excitability of the heart was 
increased by a slight increase in the Co, and was diminished by increase 
in the Cy, and Cx or by great increase in the C.. Mines e has 
etudied the effects of alterations in the ionic content of the perfusion 
fluid upon the frog’s heart, and by means of the electrocardiogram has 
measured the rate, the A-V interval, and the duration of the electrical 
response, and simultaneously measured the mechanical response. He 
found that increase in the Cg: caused an jnitial increase in the rate, 
which was followed by a diminution in the rate, and a continuous increase 
in the a—V interval, whilst a diminution in the Cg. caused the reverse 
effects, He also found that a decrease in the Co, produced effects 
similar in many respects to those caused by increase in the Cy.. 
I bave made a series of experiments, and the results obtained are 
represented by the continuous lines in Fig. 3. It is most convenient 


by alteration of the ratio Gr C, and secondly, the changes produced by 
alteration of the Cy.. In general it was found that the alterations in 
the rate were very variable, the same change sometimes producing — 
slight increase and sometimes a decrease in the rate: but the changes 
in the other measurements were found to be fairly regular. . 

The continuous lines in columns 1, 2 and 3 in Fig. 3 sbow 
the effects upon the fresh heart of increase in the ratio G. „ 
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increase. in O or decrease in CR or Cy,, the rate is diminished 
slightly, the force of contraction of the ventricle is unaltered, but 
the rate of conduction is slightly reduced, and the length of — ) 
mechanical response of the ventricle also is increased slightly. The 
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Fig. 3. Effect upon the frog’s heart of altering the ionic content of the perfusion fluid, 


Fresh heart (continuous lines), and the hypodynamic heart (dotted lines). In columns 
1 and 5 the osmotic pressure was kept constant by adding cane sugar when the on- 
centration of the NaCl was reduced. In all cases the heart was perfused with 


normal Ringer and at the point marked by an arrow a Ringer was substituted, with 


one of its constituents altered as stated. Each set of figures represents the average 


of 4 to 10 experiments. 
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effects of reduction of the ratio G K ds. are shown in columns 5, 6 and 


7 in Fig 3. The rate in these cases is increased, but when Cx is raised, 
the initial increase in the rate is followed by a marked diminution. 
The force of the ventricular contraction is diminished considerably, and 
the A-V interval is prolonged, as is also the mechanical response of the 
ventricle. 
The Cn. was — by adding Hol or NaOH to Ringer until the 
On-, as measured by indicators, had reached the desired point. The 
- effect of decreasing the Cy: is similar to that of increasing the ratio 


8 Oe , except that the alteration in the rate is very variable, and 
sometimes an initial diminution is succeeded by an increase in the rate. 


Increase in Cn · produces the same effect as decrease in the ratio Ge 07 
The effect of these changes on 
the auricular contraction was 
measured, but are not recorded 
in the table. The strength of 
the auricular beat was found 1 
to be improved by increasing 
the ratio or decreasing 
the Cy-, although, as already 
mentioned, the strength of con- Ovtpur 
traction of the fresh ventricle is in cem 
not increased by such changes. 
The reverse changes however 
diminished the force of contraou- 
tion of the auricle more rapidly in 
than that of the ventricle. 
These results show that the 
optimal Cy. is lower for the Time in hours 


auricle than for the ventricle, Fig. 4. Effect of perfusion with normal Ringer 
a conclusion that is confirmed ne,; 
by the fact, noticed by many 
writers, that the. ventricle is killed in systole by a concentration of 
alkali that does not affect the auricle. 


averages taken from three Exps, | 
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Changes occur in its activities. These changes are shown in Fig. 4, where 
itt will be seen that the frequency remains nearly. unaltered, but that 


The production of. the 1 state. 
II a heart be perfused for a few hours with Ringer's fluid, certain 


“the force of contraction and the rate of conduction both decrease. This 


condition of diminished activity is termed the hypodynamic state. In 
other cases the frequency diminishes (cf. Fig. 1), but the alteration in 
the force of contraction and the rate of conduction is very constant, 


Effect of alterations in the ionic content e 5 
e hypodynamic heart. 


Fig. 3 shows the comparative effects of alterations in the ionic 
content of Ringer upon the fresh and hypodynamic heart, and the 
continuous lines show the alterations in the activities of the fresh 
heart, and the dotted lines those of the hypodynamic heart. It will be 
seen at once that the hypodynamic heart is more affected by all 
alterations in the ionic content than is the fresh heart. The differences 


may be considered under three heads: (1) rate, (2) force of — 


contraction, (3) rate of conduetion. 
(1) The rate. This usually varies in 5 same manner in the 
fresh and in the hypodynamie heart, and none of the differences observed . 


| apport to be of any especial significance. 


(2) Force of contraction. Increase in the ratio ate: produces 


little improvement in the beat of the fresh heart, but it causes a very 
marked improvement in the hypodynamic heart. These differences are 
very clearly shown in Fig. 5, which shows the effects of altering the 
concentration of NaCl in the fresh and hypodynamic heart, the osmotic 
pressure being kept constant by the addition of cane sugar. Addition 
of excess of calcium produces a similar but even stronger effect than 
the diminution of NaCl, an effect observed by Göthlin da. It will be 


hoted that the amplitude of the ventricular contraction is more 


markedly affected than the volume output, and this shows that the 
chief effect of increasing the ratio a 05 is to increase the complete- 
ness of the systolic contraction, and that the diastolic relaxation is not 


greatly altered. Decrease in the ratio produces a greater and more 


rapid diminution in the force of contraction in the hypodynamic than 
in the fresh heart. 
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Deorease in the Cy. produces a temporary beneficial effect upon the 
e e heart, but the effect rapidly passes off and is not nearly 
0 well marked as that of increasing the ratio ono: Increase in the 


On: produces a diminution in the force of contraction, but the difference 
between the action of increase in Cg. upon the fresh and upon the 
hypodynamic heart is not so well marked as is the difference in the 


results produced by decrease in the ratio 


Ox, + 


Fig. 5. I. Fresh heart perfused with 3 Ringer (NaCI 065 %% . At A the concen- 
tration of NaCl was decreased (NaCl 0°32 °/,, cane sugar 3°5 %). 
II. Hypodynamic heart that has been perfused with normal Ringer (NaCl 0°65 0% 
for four hours. At A the concentration of NaCl was decreased (NaCl 0°32°/,, cane | 
auger 7%. 
III. Fresh heart perfused with Ringer deficient in NaCl (NaCl 0˙82 %, cane 
sugar 3°5°/,). At A normal Ringer perfused (NaCl 0°65 %). 
IV. Hypodynamic heart that has been perfused with Ringer deficient in NaCl 
adi 0°65 %). 
(3) The rate of conduction. The rate of conduction in the hypo- 
pre heart is greatly diminished below the normal, but in no case 
is there any evidence of the rate of conduction being improved by 
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alteration of the ionic content of Ringer, and those changes that 
produce an improvement in the force of contraction do not shorten the 
Av interval. (As already mentioned changes of 01 second or more 
alone could be detected.) On the other hand, those changes which depress 
the force of contraction also decrease the rate of conduction, and do 
this much more rapidly in the hypodynamic than in the fresh heart. 
Mines ( showed that after the mechanical response of the frog’s 
ventricle had been abolished by deprivation of calcium, the electrical 
wave of excitation still passed through the heart. This shows that 
calcium is more directly associated with the process of contraction than 
with the conduction of excitation, and explains in part why the rate of 
conduction is not imereased by adding calcium to the hypodynamic 


= 6. I. Effect of excess of calcium upon the hypodynamic heart. A. Heart after 
perfusion with Ringer for 16 hours. B. After perfusion one min. with excess of 
calcium (CaCl, 0-048). Auriculo-ventricular block is produced. The length of the 

A interval is unaltered. 
II. Effect upon hypodynamic heart of reducing the concentration of NaCl. 
A. Heart perfused 16 hours with normal Ringer. Volume output per beat 0°119 b. c. 
2:1 av block. B. Ringer with diminished NaCl (NaCl 0-32 % ; cane sugar 0-5 % ). 
Immediate complete block. C. Five mins. later. Partial block. Volume output 

per beat 0°126 0. 0. 


(% Heart block. Heart block occurs very frequently in the hypo- 
dynamic heart perfused with normal Ringer, and all the changes in the 
ionic content of Ringer described above may produce heart block. It 
has been shown that in the hypodynamic heart the Av interval and 
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the length of the mechanical response of the ventricle are both 
prolonged, and this indicates that the conduction between auricle and 
ventricle is impaired and that the processes of contraction and recovery 
in the ventricle are delayed, hence it is easy to understand the frequent 
occurrence of heart block even with normal Ringer. Heart block also 


may be produced either by increase or decrease in the ratio oe 


for in the former case the rate of conduction is not improved but the 
foros of contraction is increased, as is also the length of the mechanical 
response of the ventricle, and hence heart block appears which is 


Fig. 7. I. At A heart perfused with acid Ringer (C,,.=10-**), Partial block is rapidly 
produced. B. One minute later. 
_ Prolonged to 1°9 ses. bat no block is produced. 


2 due to increase in the length of the refractory period of . 
ventriele (ef. Fig. 6). On the other hand, decrease in the ratio ate: 


or increase in Cn - diminish the rate of conduction, but do not increase 
the length of the mechanical response of the ventricle, and the heart 
block that occurs in these cases appears to be caused by impairment of 
conduction. The occurrence of heart block is however very irregular, 
and Fig. 7 shows the different effects produced by the same change, 
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namely, increase in Cq., and this shows that sometimes the A= interval 
may be greatly increased without heart block occurring and _ at 
other times heart block may occur very rapidly. 


The factors producing the hypodynamic le 
A series of experiments was made to determine the optimun 
perfusion fluid for the isolated heart, and a fluid with the formula given 
on p. 70 was found to give good results, while fluids made according to 
the formule of Géthlinae, and Tyrode, gave distinctly inferior results. 
Experiments were also made to determine the effect of addition of other 


: 
Time in hours 

Fig. & Effect of prolonged perfusion with Ringer containing NaCl 0°82 / and cane 
sugar 8°5 %,. The figure represents averages taken from three experiments. 
kations (Mg and Ba), and also the effect of alterations in. the 
concentration of the various kations normally present in Ringer, but a 
reduction in Cy, was the only change that produced a beneficial effect. | 

When NaCl 0°325°%/,, cane sugar 3°5 7 was substituted for NaCl 
0°65°/,, the appearance of the hypodynamic condition was definitely 
delayed; the difference between the effects of the two fluids can be 
seen by comparing Figs. 4 and 8: Fig. 8 also shows the effect of very 
prolonged perfusion upon the heart. Ordinary Ringer appears therefore 
to contain a distinct excess of eget: but the —* ions 1 to be 
in optimal concentration. 
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Action of water upon the heart. 


Locke un showed that water containing a trace of metal was very 

toxic to the isolated frog’s heart. The writer used water distilled from 

Jena glass, and, as has been shown, the frog’s heart when perfused with 

this continued to do work for 50 hours, This water, however, when 

allowed to stand in ordinary Winchester quart bottles, often acquired 

toxic properties, and its effect upon the heart is shown in Fig. 9. The 

toxicity of such water might be due 

to substances dissolved from the 

glass, but traces of silica were found to 

have no injurious effects on the heart. 

However it is possible that traces of 

heavy metals may be taken up from 

glass and that these poison the heart. 

An alternative possibility is the 

l presence of some poisonous product 

1 of bacteria: Penfold and Hort un 

showed that when bacteria grew in v. 
distilled water a substance was formed 1 

which caused a marked rise of tem- 

perature when injected into animals; water that has stood in glass for two 

since it was often absent from water weeks. ©. 80 mins. later. Two 0.0. 

containing a large number of living — the aa 

bacteria but was often present in 

water containing very few living bacteria, these observers concluded 

that it was produced by the disintegration of dead bacteria. The toxic 

substance that injures the frog’s heart was not present in tap water but 

usually appeared in most distilled water kept for two weeks in glass. 

If water was kept sterile from the time of distillation, the toxic action 

did not develop ; on the other hand water that contained large numbers 

of bacteria often was not poisonous. It is therefore possible that the 

toxic action of water upon the frog’s heart is due to the substance 

described by Penfold and Hort, but no proof of this has been obtained. 

I found that the best results were obtained if water was redis- 

tilled from Jena glass and kept in stoneware Jars which had been 

steamed out. 
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Action of ions upon the fresh heart. Minesos divides the kations 
into three classes—(i) nomadic ions (Na and K), (ii) combining ions 
(Ca), and (iii) polarising ions (H and OH). He suggests that the first 
class act in virtue of their mobility and set up differences of potential 
between. the different parts of the cells, that the second class acts by 
forming chemical compounds with some constituent of the heart muscle, 
and that the polarising ions act by modifying the electric potential on 
surfaces in the heart, thus modifying the ionic permeability of the heart. 
This view is adopted by the writer as it appears to furnish the simplest 
explanation of the facts observed. i 1 

_ Changes in the concentrations of the ions produce well marked 
changes in the force of contraction of the heart, but the changes 
produced in the rate are slighter and also more uncertain, while the 
changes produced upon the rate of conduction by changes in the 
concentration of the kations are all of one kind, namely, impairment. 
Attention therefore will be paid chiefly to the changes in the force of 

It has been shown already that any increase in the ratio 0 0 

increases the force of contraction, and that any decrease in this ratio 
diminishes the force of contraction. Alterations in the ratio o act in 
a similar manner but in a less marked degree. A further dif-. 
ference between the effects produced by alterations in the two ratios 
is that effects due to decrease in the ratio os: are reversed almost 
completely by perfusion with normal Ringer, whilst effects due to 
decrease in the ratio e are not reversed by perfusion with normal 
Ringer although they can be reversed by perfusion with strongly 
alkaline Ringer. Moreover the effects of alterations in the Co, within 
certain limits are antagonised by alterations in the Cy, or Cx, but such 
effects are but slightly antagonised by alterations in the Cn. 

The action of the combining ions therefore is antagonised markedly 
by the action of the nomadic ions, but to a lesser extent by the action 

of the polarising ions; also both the combining and nomadic ions affect 
the force of contraction very markedly and have an easily reversible 
action, but the action of the polarising ions affects the force of con- 
traction in a less selective manner, and the action is not reversible. 
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| Action of ions upon the hypodynamic heart. ‘The hypodynamic 
condition shows considerable resemblance to the condition of a fresh 


heart acted upon by a decrease i in either of the two ratios 


Co, 

OF 
G, > there is however a greater resemblance to the effects produced by 
decrease of the first of these two ratios, for the height of contraction of 
the hypodyndmic heart is increased immediately by any increase in the 
ratio ante but is little influenced by increase in the Con. The cause 
of the hypodynamic condition is therefore more nearly associated with 
the action of the combining and nomadic ions than with the action of 
the polarising ions. Also it appears that the ratio ore which is 
optimal for the fresh heart is too low for the hypodynamic heart. 

These alterations in the reaction of the hypodynamic heart might 
be due either to an increased permeability of the heart to the nomadic 
ions or to a decrease in the power of Ca to combine with the heart. 
Since, according to the above hypothesis, decrease in Cn · diminishes the 
permeability of the heart, and this change does not benefit the 
hypodynamic heart in as marked a manner as does increase in the ratio 


oe it appears probable that the cause of the hypodynamic condition 
is the decreased susceptibility of the heart to the action of calcium. 


Part II. THE ACTION OF ANIONS UPON THE HYPODYNAMIC . 
FROG’S HEART. 


Most anions had no beneficial action upon the hypodynamic heart, 
but two groups of substances were found which produced a well marked 
beneficial action: the first of these two groups consisted of weak acids, 
which all possessed the common property of stabilising the hydrogen ion 
concentration (Cn) in fluids, and the second group consisted of the soaps 
of the higher fatty acids: the mode of action of the two groups 
appeared to be quite distinct. 

The action of weak acids in stabilising the hydrogen ion concentration 
of fluids (Buffer action). Acids which have a low dissociation constant 
stabilise the hydrogen ion concentration in fluids L. Henderson un 
has estimated the power of several weak acids to oppose changes in the 
Cy; those substances which oppose changes in the Cy. are termed 


_ “buffers.” Henderson estimated the action of buffers in opposing 
changes in the Cy around neutrality CH. 10, but the Ringer used in 
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perfusing the frog’s heart was feebly alkaline (Cq-=10-**), and 1 

therefore repeated certain of Henderson’s experiments, but investigated 

_ the action of the buffers in maintaining the Cy. constant at 10, as 
well as at 10: the results are shown in Table I. 


The method was as follows: a series of Sérensén’s standard solutions were prepared 
and suitable indicators were added (neutral red and phenolphthalein were used), and thus 
a series of standard colours were obtained, corresponding to known hydrogen ion concen- 
trations lying between 10-* and 10. A decinormal solution of a weak acid was taken 
and a suitable indicator was added, and then the amounts of decinormal NaOH or HCI 
were measured which were required to produce colour changes corresponding firstly to a 
change in the O from 10 to 107, and secondly to a change from 10-** to 10-*5. 


The action of oleates in preventing an increase in the Cy. above : 


~ neutrality (10) is due to the precipitation of oleic acid in faintly acid 
- fluids but oleates in an alkaline fluid possess little or no buffer action. 
The other substances all act as buffers, but, whereas carbonates and 
phosphates have the most powerful action at neutrality, yet in an 
alkaline fluid, glycocoll and boric acid have the more powerful 


Taste L Amount of decinormal acid or alkali required to change the 

* hydrogen ion concentration of decinormal solutions of various weak 

acids (i) from 10 to 10 and (ii) from 10 to 10-**. (The 

amount of alkali required to change a decinormal phosphate mixture 
From 10 to 107 is taken as unity.) 


10-65 to 10-74 5 

Glycocoll 0027 (44) 
Boric acid 0-08 
NaH,PO, 1-0 10 | 0-24 -67 
HO, 0°72 0°84 0°16 -6°5 
CH,COOH 0-03 0-058 -4:1 
Oleic acid 16 „ „ 


* No figures are available for any fatty acid above caproic acid (0,H,,0,). The 
exponential of the dissociation constant of caproic acid is — 4383. 
Action of “ Buffers.” Table I shows that carbonates, phosphates, 
borates and amino-acids all act as buffers in Ringer's solution, and the 
action of these substances was tested upon the heart. 8 
If a heart is perfused with Ringer containing none of these 


substances, but made feebly alkaline by NaOH, it passes rapidly into 


a hypodynamic state. Bo rrino and Viale showed that the strengtb 


of beat of a rabbit's heart was increased by adding carbonates to the 


perfusion sin and I have observed a similar effect in the hypodynamic 
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frog’s heart. The effect upon the heart of adding carbonate to the 
perfusion fluid is shown in Fig. 10. 

It must be mentioned that in these, and in all subsequent experi- 
ments, the Cy. of the perfusion fluid was controlled by means of 
indicators, and when substances Such as carbonates or borates, which 
produce a change in the Cg. were added to Ringer, the Cy. of the 
Ringer was restored to its original value by addition of acid or alkali. 

An improvement similar to that obtained with carbonates was 
obtained when phosphates, borates or glycocoll (Fig. 11) were added, but 
acetates had little beneficial action. 


Fig. 10. I. Action of carbonates. Heart perfused for three hours with Ringer contain- 
ing no carbonate or phosphate but made alkaline with NaOH (C,,.=10-**). At one 
min, Ringer perfused containing 0-01 % NaHCO; (C,,.=10-*), 

II. Action of CO,. Heart perfused two hours with Ringer (NaHCO, = 0-01 %; 

C,,.=10-*). At one min. Ringer perfused containing NaHCO; 0°01 % with excess 

of CO,, C,.=10-*", 

These results may be explained by supposing that the heart 
functions better when the Cy. of the perfusion fluid is kept constant by 
a “ buffer than it does when there is no buffer“ The action of most 
of these substances resembles the action of an increase in the ratio 


Per for the force of beat is increased but the rate of conduction ö 


is but little affected. Glycocoll however produces an increase in the 
rate of conduction, and its action will be considered later. 

The action of CO, upon the isolated frog's heart. Numerous writers 
have investigated the action of CO, upon the frog’s heart. Straub an 
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and Jerusalem and Starling e showed that excess of CO, produced 
an injurious effect upon the isolated frog’s heart, but Göthlinuo and 
Jerusalem and Starling«o considered that a small amount of CO, 
produced a beneficial action. I. Henderson d also showed that the 
presence of CO, in the blood was necessary for the maintenance of 
the proper activity of the heart of the intact mammal. 

_ Ketcham, King and Hooker ah found that 24°/, of CO, depressed 
the activity of the isolated terrapin’s heart, and that 3% of CO, 
depressed the activity of the isolated cat's heart. Mines % has 
recently criticised the conclusions of Jerusalem and Starling and 
of Göthlin, for he has shown that there are fairly narrow limits 
(10-**10-**) between which the On: of the perfusion fluid must lie 
for the excised frog’s heart to maintain its full activity. He also 
showed that if CO, was added to an alkaline fluid with a Cg. of 10-° 
and the Cg. was reduced by this means to 10, a great improvement 
in the beat occurred, and that this improvement was undoubtedly due 
to the alteration in the Cy. and not to the addition of CO, From this 
result Mines concluded that those workers who observed an improve- 
ment in the heart’s activity after addition of CO, probably used 

a Ringer with too low a On, and that the beneficial results observed 
were due to the CO, increasing the Cn. 

I found that if sufficient CO, were passed into normal Ringer's fluid 
to raise the Cy. above 10% a great diminution in the activity of the 
heart occurred, the action being exactly the same as when a mineral 
acid was added (cf. Fig. 3). 

Only a small percentage of CO, is “required to turn Ringer acid, as 
is shown in the following experiment. 

_ Exp. 8. 600 6,6. of Ringer (containing NaHCO, 0-01 / ; Na, HPO, 0-001°/,) were put 
in a 10 litre jar and measured quantities of carbon dioxide were run in at atmospheric 
pressure, and the fluid was shaken thoroughly after each addition of CO.. The C,. of the 


fluid was measured after each addition of Sérensen’s indicator method. 
The following results were obtained: | 


Ringer (containing 0-01 
At commencement 10-8 
After shaking with 1 % CO,. Cy. = 10-7" 
” „ „ Cy. =10-** 
” On. 218 


These show that the workers did not 


changes in the Cy. by to obtained 
acid solutions. 
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The action of CO, in making Ringer acid will therefore account 
completely for the deleterious effects observed when CO, is added to 
Ringer. The action of CO, in reducing alkalinity will account for the 
beneficial effect observed when a too alkaline Ringer is used and OO, 
is added; and the buffer ra of carbonates accounts completely for 
the effects observed when CO, is added to a fluid which “spend 
contained: no buffer. 

I found however that when CO, was bubbled through. Ringer in 
a quantity just sufficient to reduce the Cn - from 10 to 10, then 
a marked beneficial effect was often observed, both in the fresh and in 
the hypodynamic heart (Fig. 10 shows an example of this — it 


Fig. II. I. Heart perfused 16 hours with Ringer, at A 0˙1 % glycogen perfused. 
II. Heart perfused 16 hours with Ringer, —— 
added. (The C,. remained constant throughout at 10-*-,) 


appeared to be due to a specific action of CO, upon the 1 
could not be accounted for by any action of CO, * the Cy. of the 
perfusion fluid. 

The results obtained by Mines upon addition of 00. 8 are 
confirmed by my experiments, but the further experiments how that 
these results are only partly due to alteration of the Cg, and in part 
appear to be due to some specific action of CO,, which causes an 
increase in the heart's contraction. 

Effects of circulation and perfusion. 
Ringer until it passes into the hypodynamic state, and then circulation 
of 2-3 C. of fluid is established, there is « regular Mane in the force 
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of the heart’s beat. If the Cy. of the circulating fluid be tested it is 
found that on circulation being established, the Cn; rapidly rises from 
10-* to 10-*” and remains nearly constant at the above figure. Fig. 12 
shows the beneficial effect of circulation upon the heart, and it was 
found that if air, saturated with water, was blown rapidly through the 
circulating fluid, there was a slight but definite decrease in the strength 
of contraction. This result indicates that, when circulation is established, 
part of the beneficial effect upon the heart is due to accumulation of 
CO, in the perfusion fluid, but the increase in the CO, will not account 
for all of the beneficial results observed, and the other factors concerned 
will be discussed later. A much more marked beneficial effect is 
produced if the heart is allowed to ron dry for 10 minutes and then 


Fig. 12. I. Effects of alternate perfusion and circulation. Fresh heart with 2 C. 0. of 


Ringer circulated in it, at A perfusion commenced, no effect on strength of beat. 
B. Heart after 90 mins. perfusion. ©. One min. later: circulation of 2 0. c. established 
one min. D. After 50 mins. circulation with 2c. 0. of fluid. E. Perfusion established. 
Immediate decrease in the strength of the beat of the hypodynamic heart. 

II. Effect of emptying heart. A. Hypodynamic heart perfused six hours with 
Ringer. -v interval 1-1 sec. Pulse volume 0-104 o. % B. Heart emptied for 


AI interval 0°9 sec. Pulse 


perfusion recommenced (cf. Fig. 12). This effect was noted by 
Jacobj as who attributed it to reduced venous pressure; but no results 
resembling this can be obtained by reducing the venous pressure of 
the heart as low as possible (about 0°5 cm. of water) and continuing 
perfusion. As Fig. 12 shows, the force of contraction and the rate 
of conduction are both increased by allowing the heart to empty itself; 
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the effect may be due to decreasing the work done by the heart, but 
this appears improbable for no similar effect is observed when the 
ventricular pressure is varied from 20 em. to 1 cm. of water. 

The beneficial effect is probably of the same nature as that observed 


when a heart is circulated with a small quantity of fluid instead of 


being perfused, and will be discussed later. 

Action of other inorganic acids. When a hypodynamic heart was 
perfused with normal Ringer containing carbonates but no phosphates, 
it appeared to be slightly benefited by addition of phosphates, If the 
perfusion fluid contained phosphates and carbonates only a limited 
number of substances had any beneficial action upon it. In particular 
sulphates had no apparent influence on the beat, and silicates produced 
an injurious effect. No definite connection therefore can be established 
between the valency of anions and their beneficial action upon the 
frog’s heart. 

Action of amino-acids. Lussana d showed that the ie 
glycocoll and alanin, had a marked beneficial action upon the frog’s 
heart, and I have confirmed this result (Fig. 11). Glycocoll had 


a more powerful beneficial action upon the force of contraction than the 


other buffer substances and also inèreased the rate of conduction: 
it appears probable therefore that glycocoll has a further action on the 
heart besides that of a buffer. 

The action of amino-acids is attributed by Lussana to their n 
in combining with CO, but no such powerful beneficial results can be 
obtained by any variation in the CO, content. Siegfried u has shown 


that amino-acids can combine with CO, and calcium to form a caleium 
compound that ionises, and is freely soluble in alkaline solution; it is 
possible therefore that the action of glycocoll may depend upon its 
increasing the ionisation of the calcium in Ringer. | 


The action of sugars. Schticking en showed that sodium fructosate 


and saccharate produced a well marked, beneficial effect upon the 
hypodynamie frog's heart. I found that cane sugar and glucose both 
produced a slight but demonstrable beneficial effect. The effect maß 


be due to the same cause as the effect of amino-acids, for Siegfried (so 
showed that sugars also could combine with calcium to produce a 
soluble compound. Glycogen was found to have a very marked 
beneficial action upon the hypodynamic heart (Fig. Hd but this action 


is probably due to its colloidal properties. 


| The action of the higher fatty acids. The action of sodium lente. ia 
shown in Fig. 13, col. iv and Fig. 14. Sodium oleate has little effect 
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upon the fresh heart but has a very marked beneficial action upon the 
tired heart. This action is much more marked than the action of any 
substance that has been considered previously; for a heart in the last 
— of e can be revived 2 oleate, and the beneficial action 
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Fig. 18. Action of soaps. Continuous lines - frech heart; dotted lines=hypodynamic 
heart. Each set of figures represents the average of two or more experiments. 


Fig. 14. A. Heart perfused 16 hours with Ringer. Pulse vol.=0-068 c. e. B. Two 
C. Three mins. later. Pulse 
vol, =0°108 0. e. 


continues for several: 1 All the activities of the 8 are benefited, 
for the rate, the force of the beat, and the rate of conduction are all 
markedly increased. Fig. 13 shows that the action of oleates is shared 
by laurates and myristates, but that caprates have only a very feeble 
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__ beneficial action. Butyrates were found to have no beneficial action at 


all: palmitates and stearates had an action similar to that of oleates. 
The oleates were found to have no beneficial action upon a heart, that 
was perfused with an acid Ringer (Cy. above 10-**); when a heart was 
perfused with Ringer containing one-fourth the usual amount of calcium 
(ie. 0:003*/,), oleates sometimes produced a slight beneficial effect but 
often were without action. 

Table I shows that oleic acid has little power to act as a buffer in 
alkaline solution, and moreover Figs. 13 and 14 show that the action 
of oleates in reviving the heart is far stronger than that of any of the 
substances that act as buffers. The action of oleates therefore cannot 
be attributed to any “ buffer” action. 

The solubilities of the calcium salts of the soaps is recorded in 
Table II, and it will be seen that those soaps have the greatest action 
upon the frog’s heart which form insoluble calcium compounds. This 
is a very remarkable fact, for the hypodynamic heart is injured by 
removal of calcium from the perfusion fluid more tapidly than the fresh 


II. Solubility of salts of the soaps of the 


higher fatty acids. 
Action 
Add in 100 grm. water) . 
Butyric acid C,H,0, Nil. 
Ouaprio acid 09H 90, 0-014 Slight beneficial action, 
Laurie acid 0˙0039 Marked beneficial action. 
Oleic acid C;gH,0, Insol. Very marked beneficial action. 


heart (Fig, 3); moreover anions such as oxalates and citrates that 


remove calcium ions from solution, rapidly kill the hypodynamic heart. 
Oleates however when added in quantities sufficient to precipitate all 
the calcium in Ringer, still produce a marked beneficial action on the 
frog’s heart; but, as already mentioned, oleates have little beneficial 


action, when the calcium in the Ringer perfusing through a hypo- 
dynamic heart is reduced below normal. The only explanation of these 


facts appears to be that calcium in the form of N ane oleate 
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Part III. THE ACTION OF LIPOID SUBSTANCES UPON THE 
HYPODYNAMIC FROG’S HEART. 
The action of serum. 


Kronecker, Ringer ao, and many other writers have shown that 
a frog’s heart, when exhausted by prolonged perfusion, is revived by 
addition of serum or blood to the perfusion fluid. This observation 


formed the basis of a prolonged controversy as to the requirements of 


an isolated heart, for Kronecker and his school maintained that the 
presence of serum was essential for the activity of the heart, but the early 
work of this school is of little value because perfusion fluids were used 
that contained no calcium: Several recent workers have investigated 


the action of serum in order to determine which constituent of serum 
produced the beneficial action upon the heart. Walden d showed 


that serum revived an exhausted heart but that milk had little 
beneficial action, and serum albumin none at all. Lussana a found 


that the beneficial action of serum was destroyed by prolonged boiling, 


and therefore attributed this action to the serum proteins; he also 
showed that the amino acids, alanin, leucin, and glycocoll, all stimulated 
the hypodynamic heart, but that urea did not do so. Schiicking«) 


found that traces of blood were retained by the frog’s ventricle even 


after prolonged Perfusion, and concluded that the heart could only 
maintain its activity as long as such traces of blood were present. In 
support of this he showed that a heart, when perfused, died in 
24 hours, but that a heart isolated, but not perfused, could live for 
five days. 

In my experiments the isolated frog’s heart was found to maintain 


its activities better when a few Cd. of fluid were circulated in it than 


when large quantities of fluid were perfused through it; but when 
a little serum either of the frog or the mammal, was added to the 
perfusion fluid, then the heart was found to maintain its activities 
even better than when a few cc. of oes fluid was circulated 
in it. 

When 1% of the blood of a os or a mammal was added to the 
fluid perfusing through a fresh heart, no beneficial effect was observed, 
but when it was added to a hypodynamic heart, a very striking 
beneficial effect was produced (cf. Fig. 15), and the same effect was 
produced by serum. In these cases, not only was the force of contrac- 
tion increased, but the frequency of the beat, and the rate of conduction, 
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also were increased. Serum therefore produced a very much 8 
beneficial effect upon the hypodynamic heart than any substance 


¶ 


; considered in Parts I and II of this paper, with the exception of the 
. soaps of the higher fatty acids, which produced a similar effect. Blood 
and serum produced an equal effect, but washed red blood corpuscles 
2 bad little or no beneficial effect. Serum which had been boiled for five 


minutes and filtered had as strong an effect as fresh serum (Fig. 16). 


f The beneficial action of serum was found to be due chiefly or entirely to 
— 
0 7 3 * AS 6 20 
added (=0°8 %). 
a | Fig. 16. Heart perfused with Ringer 6 hours. At A 1 % boiled ox serum 
1 introduced. Piece 6 mins. duration out out. B. 20 mins. after A. 
K Exp. 4. Five c.c. of rabbit’s serum were mixed with 45.0. of aleohol, and then 
Ny filtered; the residue (residue A) was re-extracted with hot alcohol, and the two alcoholic 
1 extracts were mixed and evaporated to dryness (residue B): residues A and B were then 
7 each suspended in 200 c.c. of Ringer, ‘and both fluids were tested upon hypodynamic 
= frogs’ hearts. The results are shown in Fig. 17: residue A which contained those con- 
+ stituents of the serum which are insoluble in alcohol, had no beneficial action upon the 
a heart in 30 minus., whilst residue B which contained the — seit pro- 
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Serum after shaking with ether had the same action upon the 
heart as fresh serum, and the residue of this ethereal extract had very 
little. effect. The active constituent of serum therefore can be 


Fig. 17. See text. At A the suspension of the residue perfused. The heart was then 
washed out and at B the suspension of the extract was perfused. P. v. - pulse 
volume in o. 0. (measured). 


Fig. 18. See text. I. n 6 hours. ) 
extract introduced. | 
II. Heart perfused 10 hours with Ringer. At 0 saponified alcohol 
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extracted with alcohol, but not by ether alone. Further experiments 


were made upon the residue obtained by the alcoholic extraction of 
serum, and the active constituent was found to be soluble in ether 
(Fig. 18). This ethereal extract next was saponified by boiling with 
2°/, NaOH in alcohol for one hour, it then was neutralised, evaporated 
to dryness, and taken up with absolute alcohol, and the residue, 
obtained from the extract, was found to produce nearly the same effect 
upon the hypodynamic heart as the fresh serum 2 18). The 


‘Fig. 19. Heart perfused 18 hours with Ringer: at A 0-001 % lecithin perfused. 


7 2 A 3 + 5 6 
‘Time in heurs. 
Fig. 20. 00 0.0. Binger. throngh, heart As A. 0-0001 0% lecithin, add. 


beneficial action of serum upon the hypodynamic frog’s heart is due 
therefore chiefly if not entirely to the aleohol-soluble constituents, that 
is to the serum lipoids, and the soaps produced by saponification of these 
lipoids have a very similar action. 

Danilewsky@ showed that lecithin 0 no effect upon the 
fresh heart but that it had a very marked beneficial action upon the 


5 hypodynamic heart both of frogs and mammals. I have repeated these 
experiments and found that lecithin produced almost exactly the same 


change as serum upon the hypodynamic heart (Figs. 19 and 20). In 
Part II of this paper the action of the soaps of the higher fatty acids 
was described, and it will be seen on comparing Figs. 19 and 14 that 
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the action of soaps is very similar to that of serum lipoids or lecithin. . 
It appears probable therefore that the action of soaps is closely related 
to the action of the serum lipoids. 

Danilewsky@ showed that the other products of the hydrolysis. 
of lecithin, namely choline, glycero-phosphates, and glycerine had no 
beneficial action upon the heart; the writer also tested these substances 
and obtained the same results. Danilewsky@ also found that 
cholesterin had an action upon the heart similar to, but weaker than, 
that of lecithin. I find that pure cholesterin, obtained from gall stones, 
had only a very feeble action upon the hypodynamic heart. Since 
Danilewsky found that the beneficial action of cholesterin only 
appeared after a suspension had stood in water for some days, it is 
possible that the action observed may have been due to the — of 
products of bacterial decomposition of cholesterin. 

These experiments will explain most of the results obtained by 
various writers, who have investigated the action of pruteins upon the 
frog's heart, for nearly all proteins except egg albumin contain lipoids 
and these lipoids cannot be removed except by extraction with alcohol 
(Stepp). Serum protein extracted with alcohol has been shown 
to produce no bereficial effect upon the hypodynamic heart, and the 
same result was obtained with fresh egg albumin which is almost the 
only natural lipoid-free protein. Amino acids however have a well 
marked beneficial action upon the hypodynamic heart, but their action 
is not so-powerful as that of lipoids, and the concentration required to 
produce the action is much higher for the former substance, than 
for the latter; and the same statements are 1 the action of 
glycogen. 

A few experiments were made to determine whether serum or 
lipoids produced toxic effects upon the frog’s heart. It was found that 
the beneficial action of serum or lipoids lasted for many hours, and 
that a heart perfused with 1% of serum, or with 00001 % of lecithin, 
would survive 20 to 30 hours, and therefore neither of these substances 
appeared to have any toxic action, but their presence did not cause 
the heart to survive any longer than it would in normal Ringer. | 


‘The cause of the hypodynamic condition. 


A beart rendered hypodynamie by perfusion is restored, 88 8 
ite original condition, by the presence of traces of lipoids, and this fact 
suggests that the hypodynamic condition is due either to the washing 
away of lipoids from the outer surface of the cells or else to actual 
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loss of lipoids from the interior of the cells. The first of these 
alternatives resembles the hypothesis of Schiicking an that the heart 


dan only live as long as traces of serum remain on the surface of the 
cells; there is evidence however that the heart actually loses some 
substance from the interior of the cells. Herlitzkaas perfused 


rabbits’ hearts with 500 C6. of Ringer for many hours and from the 


analysis of the perfusion fluid concluded that organic acids passed out 
of the heart into the perfusion fluid. 


Wpben small quantities of Ringer (2 to 3c.c.) were circulated in 
frogs’ hearts for periods of 10 to 30 hours, the following substances 


were found in the fluid after circulation (i) a yellow colouring matter, 


soluble in chloroform, which showed no absorption bands; (ii) a 
trace of phosphorus (in this case the original Ringer contained no 
phosphates); (iii) a trace of protein; (iv) a few red blood corpuscles 
could be demonstrated by centrifugalisation, and these occurred even 
when the heart had been perfused for some hours before circulation 
was established. The surface tension of the circulating fluid was 
found to decrease rapidly during circulation. 

Exp, 6. Two e. e. of Ringer circulated in a frog’s heart. The surface tension of the 
circulating fluid was determined by measuring the rise of fluid in a capillary tube. The 


action of serum and lecithin upon the surface tension was measured by the same method, 
in order to determine what concentration of these substances was required to produce a 


fall in surface tension equal to that observed in the eiroulating fd. 


TaBLe III. fall of ͤ ³˙Ü·ĩ̃ͤ—d·˙ when 2 cc. of Ringer 
are circulated in a frog's heart, and the action of serum and lecithin 
upon surface tension. | 


(Surface tension of water = 10) 
Surface tension... 10 006 9090 085 080 
. Length of time, which fluid has 5 
circulated in heart — 0 5 min. 1 hour 2 hours 10 hours 
Concentration of frog’s serum (in » 3 
required to lower surface tension. 0 1 2 35 8 or more 


Concentration of lecithin (in °/,) re- 
0 0-01 0-02 0°03 0°05 


Finally it was found that 2 to Bcc. of fluid that had circulated for 


several hours in a frog’s heart could revive another heart, that had 


been made hypodynamic by prolonged perfusion with Ringer (Fig. 21). 
All these results agree in showing that, during perfusion or circula- 


tion, a substance is washed out of the frog’s heart, . has properties 
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98 4. J. OLARK. 
closely resembling those of lipoids, but unfortunately the amounts 
obtained are too small to admit of analysis. The presence of this lipoid 
like substance cannot be explained 
by the traces of serum that are 
retained on the surface of the heart, 
for the fall in surface tension, ob- 
served on circulation of fluid, is 
greater than that produced by 5% 
of serum; but the frogs’ hearts 
used weighed less than 0°] grm., 
and therefore they could not possibly pig. 91. Heart perfused 4 hours with 
have retained enough serum to Ringer, and then 2 b.. allowed to 
make even a 1%, solution in 2c.c. 
of Ringer; moreover the hearts were dor 1 en in Mother heart. 
in all cases washed out thoroughly 
before commencing the experiment. Therefore the heart cells must 
lose some substance that has a strong action in lowering the surface 
tension and the only possible substance appears to be the cell lipoids. 
In this connection it is interesting to note that Erlandsen uo found 
that cardiac tissue contained more lipoid substances than any other 
muscular tissue. 
The modern views as to the function and distribution of lipoid 
substances in the cell are summarised thus by Blackmanw, in a 
‘paper in which he reviews the recent work of Lepeschkin and 
Czapek upon the plasmatic membrane. “ With unusual agreement, 
all lines of investigation point to the presence of lipoids in the plasmatic 
membrane. . These substances are held by Overton and others to 
condition the selective permeability of the cell for organic substances. 
„Both investigators (Lepeschkin and Czapek), have thrown off the 
incubus of Overton's theory of a continuous film of lipoid matter on 
the surface of the protoplast. While Lepeschkin inclines to the view 
that the lipoid present is lecithin combined with the proteid, Czapek’s 
evidence favours the view of a saturated emulsion of fat.” Blackman 
also points out that the concentration of lipoids at the cell surface may 
be accounted for by the action of the Gibbs-Thomson law upon the 
fats present in the cell. These views of the distribution of the cell 
lipoids would readily account for the heart cells losing lipoids during 
_ prolonged perfusion. Simultaneously with this loss of lipoids the 
heart passes into the hypodynamic condition, from which it is partially 
restored by addition of lipoids to the perfusion fluid, and these facts 
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can be explained most readily by the assumption that the loss of lipoids 


is one of the chief causes of the hypodynamic condition. 

The action of soaps has been shown to resemble that of lipoids, and 
it is of interest to note that Cranmer found that soaps were present 
in the cell membranes of many plants. In Part II it was shown that 
a heart rendered hypodynamic by perfusion was revived when a small 
quantity of fluid was circulated in it, and that when a heart was 
allowed to run dry the beneficial effect upon the heart was very marked 
indeed, and a comparison of Fig. 12 II with Fig. 18 will show, that the 
effect produced by emptying the heart resembles the action of lipoids 
upon the heart. These results can be explained by the view suggested 
by Blackman, that lipoids are distributed throughout the cell, but are 
more concentrated on the surface, owing to a simple physical law, and 
that the activity of the heart is dependent upon this surface concentra- 
tion of lipoids. For in this case, perfusion by washing away the lipoids 
will render the heart hypodynamic, but as soon as the loss of lipoids is 
checked, either by circulating a small quantity of fluid, or by emptying 
the heart, then the lipoids at the surface will be restored from the 
interior of the cell, and the activity of the heart will be improved. 

It is assumed that soaps can in part replace lipoids, and that this is 
the reason for their beneficial action. Amino acids and glycogen are 
the only other substances that act at all like lipoids or soaps upon the 
hypodynamic heart, but the minimal active concentrations of the two 
former substances is far higher than that of the latter substances 
and therefore it appears improbable that they act in the same 
manner. 


Part IV. TRE MODE OF ACTION OF THE SUBSTANCES THAT 
REVIVE THE HYPODYNAMIC FROGS HEART. 


The reaction of the hypodynamic frog’s heart to a large number of 
substances has been studied in the previous parts of this paper, and 
the results are summarised in Tables IV and V. It has been suggested 


that the hypodynamic state may be due to a loss of lipoids. Since the 


soaps act in & manner closely resembling the lipoids, and form 
a continuous series of which only the higher members act on the heart, 
they afford a means of determining the mode of action of soaps, and 
probably that of lipoids. | 
The caprates (NaC,H,0,) have a feeble action on the heart, the 
lower soaps have no action, but the higher soaps (laurates, myristates, 
7—2 
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Tape IV. Summary of ation of organic upon the 


hypodynamic heart. 


) 


II III 


Na Myristate Na Caprate 
0003 N. 0008 N. 
Na Laurate 
0003 N. 


IV 


beneficial 
effect 
Na Butyrate 
0-001 N. 
Na Acetate 
0-05 N. 
Na Succinate 
0-001 N. 


Serum protein (Cholin) Gly- 
after extrac- oerine 1% 
tion with al- 
cohol 0°01 % 

Fresh egg al- 


Na Oxalate 
0-001 N. 
Na Oitrate 
0-002 N. 


4 substance ductionover 20% of conduction orf conduction 

Salts of or- Na Oleate 

Na Palmitate | 
90001 N. 

4 Blood and Blood 01% Cholesterin Gelatine 
substances Blood plasma % 0˙2% 

q contained — 0˙1% Glycogen Washed red 

q in blood, Serum 0-1 % 001 % blood 

4 eto. Alecholie ex- Glycocoll puscles : 
4 tract of serum 0˙1% 0˙1% bumen 0˙1% 

900001 % (Alanin Urea 0˙1% 
Aecholie- 0-05 Glycerophos- 
4 ether extract phate 0°05 °/, 

00001 % 
Alcoholic- 
4 of serum after 
saponifica- 
tion 0-0001°, 
Lecithin 
4 0-0001 % | 
4 Various ... — —— Strophanthin Emulsion of Na Taurocho- 

4 0°0001°/, olive oil late 0°001 % 

0-01°/, Saponin 

4 Sugars ... — (NaSaccharo- Saccharose Starch 0-0 1% — 

sate) 8˙5 % 

3 Glucose 1% 

4 „ Dy — — Neutral red — — 

3 0-01 % 

3 0-01 °/, 

| | 
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v. of action inorganic upon the 
hypodynamic frog's heart. 
deat about Ne ef — — 

1 — No No beneficial of beat aud 
. f rate of conduction action on conduction No action rate of conduction — 
, oe Kations Ca+0-036°/, CO, decreased to Mg 0-01 % „ Og imereased to 
K 0011 % 10-5 10 
Na- 0828 Ca 0009 % 

K +0-042 % 

15 0˙325 to 0°65 

5 (Trivalent kations 
0-00001 M. 

20.001 — 0-002 0%) 
Anions — (1) Whenno“buffer’ ‘When buffer is Removal of carbo- 
155 is present in Ringer present in Ringer: nates and * 
Na, HPO, 0-001 % Na, HPO, 0-019, phates 
NaHCO, 0°01 9% NaHCO, 0°02 % 


Na,B,0, 0-01%,  Na,B,0, 0-01%, 
(2) When buffer is Na, 80, 001°, . 
present : 

Slight increase in 

concentration of 

f. oo, 


Normal Ringer = 0°65 9%; CaCl, 0-012 %; KCl 0-014 90 NaHCO, 0-01 % 
Na,HPO, 0°001 %. The last two substances are termed * * buffers.” 


stearates, palmitates and oleates) all act beneficially y on the . 
the action of oleate being the most marked. The physico-chemical 
properties of the series change around the caprates. Krafft, and 
Mayer, Schaeffer and Terroine (quoted from Pot ts a) showed that 
the soaps above the caprates were colloids, but that the lower soaps did 


* not possess colloidal properties. The higher soaps are negatively 
y charged emulsoid colloids, but Table IV shows that other substances 
iq which in alkaline solution are negatively charged emulsoid colloids 
1 (eg. proteins) do not benefit the frog's heart, and therefore this 
* property will not explain their action. 


4 Table II shows that the soaps that benefit the heart form insoluble 
ea calcium compounds and that the calcium salts of the lower soaps are 
soluble: in all cases however, except that of the soaps, removal of 
calcium from solution injures the hypodynamic heart even more than 
the fresh heart, and therefore the relation between the formation of 


| * 
| 
— 
N. 
* 
* 
+ 
2 
& 
K. 
3 
2 
> « 
| 
* 
* 
1 
14 
7 
— 
* 
‘ 
4 
97 
7 2 
2 
N 
K 8. 
iL a 
x 


102 A. J. OLARK. 


insoluble calcium compounds, and the beneficial action of the heart is 
quite peculiar to the soaps, and requires further explanation. 

Potts ss) showed that the soaps higher than the caprates lowered 
surface tension very markedly but that the lower soaps had a much 
feebler action. The action of numerous substances upon surface tension 
is shown in Table VI. It may be inferred from it that all substances 
that benefit the heart lower surface tension, but that the action on 
surface tension is not proportional to the action upon the heart, and 
that numerous substances that lower surface tension very greatly have 
little action upon the heart. There appears therefore to be no direct 
relation between the power to lower surface tension and the power 
to benefit the hypodynamic heart. 


TaBLE VI. Showing relative actions of various substances upon the 
surface tension and upon the excised frog's heart. Surface tension 
measured by height to which fluid rises in a capillary tube. Water 


upon hypodynamic heart 
Na caprate 0°150 0°010 Slight beneficial action. 
Na laurate 0-030 0° 
Na myristate 0-020 
Na oleate 0˙018 0•001 
Lecithin 0-020 00001 
Serum 4-000 0-100 
Glycogen 000 0˙010 Marked beneficial action 

reduces g. T. to 0°9 

Saponin ... 0-020 0010 Kills in systole. - 
Na taurocholate 0°010 0-001 Slight injurious action. 
0-800 00001 Kills in systole. 

ulsion of olive oil 0005 % oil 10° action, 
(01°, oil in water) 


Mines en as a result of work upon the action of acids and trivalent 
earths upon the hearts of various cold-blooded animals has put forward 
the following hypothesis: “Some essential part of the excitatory or 
contractile mechanism of the heart involves certain surfaces or 
membranes whose differential iopic permeability must be kept near 
a particular value. Since, other things being equal, the ionic per- 
meability of a membrane depends upon its electrical charge, the electric 
charge of these surfaces must be kept at or near a particular value.” 
Mines an has shown that the action of acids and trivalent earths upon 
the hearts of various cold-blooded animals may be related to their 
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aetiom upon surface potential. Acids and trivalent earths both depress 
the heart of the frog and both reduce the surface potential upon 


substances in contact with water. 


Ellis@ has shown that acids and trivalent earths decrease the 
negative surface potential that normally exists upon oil globules 
suspended in water, and that alkalies in low concentration increase this 
surface potential. Ellis! also found that laurates increased the 
negative surface potential upon oil globules in water. I used Ellis’s 
method and performed some experiments upon the action of acids, 
alkalies, and soaps upon the surface potential of oil globules, and of 
particles of coagulated egg albumin, suspended in water. Acid free 
oil was not used, and therefore the results are not sufficiently accurate 


to be given if detail. It was found however that, in both cases, the 


negative surface potential was increased very markedly when the 
Cy. was reduced from 10~* to 10-*, and also that addition of oleates 
addition of alkali. 

Leob and Beutner @ have investigated the action of Up upon 
the surface potential of plants. They show that there is a difference 
of potential between the outside and inside of a vegetable (apple) in 
water which may be accounted for by supposing that the surface of the 
plant is permeable to kations but impermeable to anions. They show 


that coagulable protein does not possess this power of selective imper- _ 


meability but that solutions in guaiacol of cell-lipoids, of lecithin or of 
oleates, in contact with water, all show a potential difference similar to 
that shown by the intact vegetable. These experiments show that the 
presence of lipoids can render a surface semi-permeable to electrolytes, 
and produce a surface potential upon it, and that soaps act in a similar 
manner. Loeb and Beutner ascribe this action of lipoids to their 


power to react with electrolytes to form water-insoluble salts which are 


contained in the membrane as a homogeneous mixture. The action of 
soaps upon the surface potential however may be explained equally — 
well by the fact that they lower surface tension, and owing to the 
Gibbs-Thomson law must be adsorbed upon surfaces in contact with 
the fluid in which they are dissolved (Freundlich as): and since they — 
are negatively charged colloids they will increase the negative charge 


upon the surface on which they are adsorbed. It appears possible that 


the beneficial action of soaps upon the hypodynamic heart may be 
connected with their action upon surface potential, and the similarity 
1 Unpublished result kindly communicated by Mr Ellis. 
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of their action and that of lipoids suggests that the action of these 
latter may also be connected with changes in the surface potential. 

We may turn now to the action of calcium. Loeb e found that 
when Fundulus eggs were kept in a balanced physiological salt solution, 
the permeability of the cells increased slowly, but that it increased 
rapidly in a non-balanced solution. Moreover the addition of a small 
quantity of calcium delayed the increase in permeability. These 
results show an analogy with the experiments described in this paper. 
The heart after prolonged perfusion, showed an increased susceptibility 
to the action of sodium and potassium, suggesting an increased per- 
meability of the heart cells to electrolytes, and this — was 
benefited by the addition of excess of calcium. 

Now in general as mentioned above a decrease of Ca W e 
injures the hypodynamic heart, but the soaps which benefit the heart 
form insoluble calcium compounds. Moreover the soaps do not 
benefit the heart in the absence of calcium. The beneficial action of 
the soaps appears therefore to be associated with .the adsorption of 
a water insoluble calcium-soap compound upon the surface of the 
heart. The action of calcium in relation to these soaps also shows 
that it can exert its normal action, when combined with soap in an 
insoluble form, although all other insoluble calcium compounds that 
were tested had no action upon the heart. The action of soaps upon 
the hypodynamic heart closely resembles that of lecithin and calcium 
also precipitates lecithin (Porges and Neubauer on) It is suggested 
therefore that the function of calcium may be to cause aggregation 
of the lipoids present at the surface of the cells. The suggestion 
that calcium acts by combining with some substance in the cell has 
been advanced previously by Mines us. 

The phenomena described in these papers can then be explained 
most readily by the hypothesis that the activity of the heart is 
dependent upon the semi-permeability of the cells to electrolytes, that 
this is dependent on the presence of calcium and lipoids at the surface 
of the cells; and that during perfusiow the heart loses e and 
more permeable to electrolytes. 


SUMMARY. 


Part I. 


(1) An para frog’s heart after perfusion for a few hours passes 
into a hypodynamic state in which both the force of contraction and 
the rate of conduction are markedly impaired. 
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(2) The hypodynamic heart is more affected by alterations in 

the ionic content of the perfusion fluid than is the fresh heart, 
(8) The force of contraction in — hypodynamic heart is greatly 


improved by increase in the ratio On tes but is not much improved by 


increase in the Con- 


(4) The most probable cause of the hypodynamic state appears to 
be that during perfusion the heart 92 855 loses the power of . 
with calcium. 
Part II. 


(1) In order to maintain the activity of the isolated - heart “ . 


hydrogen ion concentration of the perfusion fluid must lie within fairly . 


narrow limits (between 10 and 10%, and also the fluid must contain 

a baller to stabilise the hydrogen i ion concentration. ao 
(2) A slight increase in the amount of free CO, present in the 
perfusion fluid produces a beneficial action upon the frog’s heart that 
cannot be accounted for by alteration in the Cy., nor by the buffer action 
of O 

(3) Amino- acids and glycogen, and toa los extent sagas all 


the hypodynamic heart. 


| (4) The soaps of thé aromatic fatty acids 1 than capric acid 
revive the hypodynamic heart more completely than do any changes 
in ionic concentration, or than do any of the substances previously 


considered. 


(5) Those soaps which revive the hypodynamic heart form insoluble 
calcium compounds, but they depend for their action upon the presence 
of calcium, and other substances that form insoluble calcium — 
the hypodynamic heart. 


Part III. 


rate of conduction and the force of contraction of the hypodynamic 
heart. 

(2) Serum 1 and other proteins, when free om lipoids 
have no beneficial action upon the hypodynamic heart. 

(3) The hypodynamic heart is benefited equally by serum, serum 
lipoida, lecithin, or by saponified serum lipoids, and the soaps of the 
higher fatty acids have a very similar action. 

(4) The excised heart when perfused loses some ees which 
has properties resembling those of lipoids. 

(5) These results can be explained most simply by e that 
the presence of lipoids at the surface of the cells is essential to the 
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activity of the heart, and that these lipoids are washed away i 
perfusion, and that the loss of lipoids is the chief cause of the hypo- 
condition. 

Part IV. 


(1) All those substances investigated, that benefit the hypodynamic 
heart most markedly, lower the surface tension, but the reverse does 
not hold. 


(2) The semi-permeability of the heart to electrolytes appears to be : 


dependent upon the presence of calcium and lipoids at the surface of 
the heart. 


(3) It is suggested that the function of calcium is to cause an 


alteration in the colloidal state of the liqoids at the cell surface. 

(4) The higher soaps that benefit the hypodynamic heart, produce 
an increase in the negative surface potential upon particles suspended 
in their solutions, and their action upon the heart may be connected 
with their power to alter the surface potential. 


I desire to take this opportunity of thanking Prof. Cushny and 
Prof. Bayliss for invaluable advice, and Mr. Ellis for his help in the 
experiments upon surface potential. 


Th expen rach wee prt gran trom the Roya 


é ADDENDUM. 


Since writing the above I have tested the action of two other soaps 
upon the frog’s heart, namely sodium dihydroxystearate, (C,H,,O,Na), 
and sodium tetrahydroxystearate (Cis H,O, Na): these substances were 
very kindly given to me by Mr P. Hartley (Lister Institute). 

Sodium dihydroxystearate had the same beneficial action upon the 


_ hypodynamic frog’s heart as sodium stearate, but sodium tetrahydroxy- 


stearate had a very feeble action, resembling that of sodium caprate. 
The physical properties of the two stearate derivatives differed 
widely; sodium dihydroxystearate formed an opalescent solution which 


showed a well marked Faraday-Tyndall beam, it also lowered surface 


tension, and formed an insoluble calcium salt (solubility less than 
0001 % : sodium tetrahydroxystearate formed clear solutions, which 
showed only a faint Faraday-Tyndall beam, it had little action on the 
Hes tension, and formed a soluble calcium salt (solubility about 
5% 
The differences in the physical properties of the two stearate 
derivatives are similar to the differences between the properties of the 
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caprates, and those of the lanrates, and in both cases these differences 
in physical properties are accompanied by a similar difference in the 
power of the soaps to revive the hypodynamic frog’s heart. 
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NOTE ON DIFFERENCES IN ELECTRICAL POTEN- 
TIAL WITHIN THE LIVING CELL. Br W. B. 
‘HARDY. 


(From the Physiological Laboratory, Cambridge) 


Tae appearance of a paper of much interest by G. L Kite! on the 
physical properties of living matter has led me to write a brief account 
of some experiments which were carried out in 1903-4. The results 
were interesting and suggestive but they raised difficulties which at the 
time seemed insuperable. The growing root tips of onions were used 
and the first object aimed at was the exploration of the cell for interior 
differences of electrical potential. This led me to examine the effect of 
fixatives acting at low temperatures. | 

Many experiments were made to determine the effect of fixatives at 
low temperatures, Flemming's fluid, osmic acid, and formalin vapour 
were employed at temperatures ranging from — 25 to 25°C. In 

a typical case some root tips were fixed at room temperature as controls, 

others were slowly cooled to as low as — 2°, the process occupying some 
hours, and then placed in fixatives previously cooled to the same 
temperature. They remained in the fixative in the ice-ehest 20 hours, 
were then washed with ice-cold water, and transferred by slow dialysis _ 
in the cold to 95% alcohol, for cutting in paraffin, or at once removed 
from ice cold water to gum for cutting frozen. Saffranin or iron- 
hematoxylin was used to stain. It will be seen that abrupt changes 
of temperature or of concentration of fluids was scrupulously avoided. 

Shrinkage however commonly occurred during the process of imbedding 

in paraffin the nuclear substances for instance pulling away from the 
nucleolus, 

Nuclei fixed at about 0° which were not exposed to subsequent 
heating presented the following appearances. The nucleus consists of 
a homogeneous nuclear substance in which are imbedded a dense 
nucleolus, and numerous granules. The granules vary in size in 


Amer, Journ. of Physiol. 1918. 
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different. nuclei but are fairly uniform in size in the same nucleus. 
They may be so small as to be almost a dust, or so large as to rival the 
nucleolus. The increase in the size of the granules is the only optical 
evidence of the ripening changes which precede mitosis. When the 
granulation has become very coarse the nucleus divides. So long as 
the granules are small there is a sharply defined nuclear membrane 
which however is absent from nuclei with very coarse granulation. | 
Obviously such appearances cannot be insisted upon as representing 
normal nuclear structure owing to the large number of uncontrolled, 
and apparently uncontrollable, variables. But the observations are of 


interest because they agree more closely than does the figure seen in 


nuclei fixed at ordinary temperatures with the description of living 
nuclei given by Kite, who by the aid of a peculiar technique has 
succeeded in dissecting out the nucleus of various animal and vegetable 
cells. Kite however does not seem to have succeeded in recognising 
a nucleolus i in any of the nuclei he has examined. 

In order to detect interior differences of electrical 8 root tips 
were laid horizontally between non- polarisable electrodes, the final lead 
to the tissue being through some of the fluid in which the roots had 
been growing. A field having a mean value of from five to twenty volts per 
centimeter was established for from two to ten minutes when the root 
was instantly fixed with acetic-absolute. Longitudinal sections were 


cut and stained with iron-hematoxylin or saffranin. The strength of 


the field to which the living matter was actually exposed cannot be 


calculated. It seemed hardly worth while to measure the resistance 
of the root tip and of the electrodes in view of the uncertainty which 


must obtain as to the variations in the field within the tissues of the 
root. 

The effects produced were decisive and consistent. They varied 
only in degree with variations in the strength of the field _ the time 
of exposure. 

The nucleus was altered slightly in — A 
it was pulled out so as to be ellipsoidal with the long axis parallel to the 
stream lines. It maintained its position in the middle of the cell—that 
is to say, taking the external boundary of a cell as the surface of 
reference, there was no movement of the nucleus as a whole. The solids 


of the cell substance were collected usually at the negative end of the 


cell, though not infrequently they were condensed into an equatorial 
plate. But prolonged exposure to a strong field condensed them at the 
positive end (Fig. 3). Within the nucleus the most characteristic and 
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marked migration occurred, the bulk of the solids being collected at the 
positive end; single or double loops, spiral threads, or an open net 
projecting thence into the cleared space at the negative end. At the 
negative end, owing to the clearing away of the solids, the nuclear : 
membrane was left very sharply defined. The nucleolus when visible : 
sometimes maintained a central position, but mostly it was swept with the 

other solids to the positive end of the nucleus. The most remarkable = 
feature however was in the absence of any effect where one would be : 
most looked for, namely, in cells during nuclear division. There was no sign 
of any orientation or indeed of any displacement whatever of spindles or 
chromosomes. Even when currents were pushed to the point of general : 
disruption of the tissue it could be said only that it was difficult or N 
impossible to distinguish the mitotic figures. | 


Figs. 1, 2, 8, 4, 6 and 7 are from preparations stained with iron-hematorylin. Fig. 5 1 
trom one stained by saffranin. Figs. 4-7 are of nuclei only. The double loops in 7 
In seeking for an interpretation of these appearances we have for I 

guides the fact, first noticed by Faraday, that when a current traverses 4 

a gel the watery and the solid constituents move in opposite directions 9 

so that a rod of gel is swollen near one pole and constricted near the 1 

other. In most sols there is, as is well known, free migration of the 4 

colloid particles in an electric field. If the solution be of proteins, save 4 


in rare cases (globubins dissolved in a dilute solution of a neutral salt) 
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the first effect is an aggregation and precipitation of the protein at one 
of the poles, the second a reversal of the electric charge on the protein, 


its consequent repulsion and secondary migration to the other pole. 


Lastly Kite finds that nuclear substance and cell substance are in most 
cases a mixture of sols and gels. 

The appearances in the cell . are such as would be due to 
simple migration of colloid particles in a sol, that is to say of electrically — 
charged particles distributed throughout a fluid, The sign of the particles 
being at first positive, they move towards the negative end of the cell 
(Figs. 1, 2), where reversal of sign of the charge occurs accompanied 
probably by alteration in the chemical nature of the proteins. The 
reversal of movement of the protein may end in the formation of 


a dense plate at the positive end as in the remarkable case shown in 


figure 3. 

Within the nucleus convection also. occurs but the charge on the 
colloid particles is negative. The loops and threads which are, as it 
were, left behind represent the masses of gel described by Kite. The 
appearances throw no light upon the existence or non-existence of 
potential differences within such masses, but I think they are in- 
consistent with the existence of any potential difference between nuclear 
sol and nuclear gel. 

A puzzling feature is the absence of any movement of the nucleus 
as a whole—the distortion in shape of the nucleus is such as might 
be produced by mechanical stresses due to movement of the contents. 
The freedom of movement displayed by the solids of the cell substance 
precludes the idea that the nucleus is anchored in its place by 


strands of gel. We seem to be driven to the unexpected conclusion that, 


although the colloid particles inside the nucleus are negative, while 
those outside are positive, the general balance of colloid and salts is 
such that there is no electric charge upon the surface of the nucleus. 
Similarly the appearances point to the absence of a potential difference 
between cell substance and cell wall. : 

During actual mitotic division the effect upon the nuclear structures is, 
as I have said, nil. An explanation is afforded by the work of Kite. 


His dissections of living cells and nuclei show that in dividing cells all 


the surrounding cell substance can be cut away, and the spindle itself 
cut to pieces in Ringer’s fluid without the pieces undergoing any change 
in shape. Thus the rigidity of the contents of a dividing coll is such 
that the electrical stresses are unable to produce obvious mechanical 
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THE REGULATION OF RESPIRATION AND CIR- 
CULATION DURING THE INITIAL STAGES OF 
MUSCULAR By A. KROGH AND J. 
HARD. 


(From the Laboratory of 3 University of Copenhagen.) 


In the present paper we propose to describe the changes in ventilation, 
blood flow, pulse rate, respiratory exchange and alveolar CO, tension 
taking place in man during the first few minutes of light or heavy 
work and we shall attempt further an inquiry into the mechanism of 
these changes. The experiments have been made by means of the 
bicycle ergometer and respiration apparatus described in another paper 
in which also the main parts of the technique employed have been set 
forth in detail. 

We have made experiments on six different subjects, Three of 
these, J. I., F. N. and J. J., are trained, more or less, to sudden and 
violent exertions, while the other three, though able to do a fair 
amount of work over a long period, are not trained to sudden exertions. 
When told to start with a heavy load the three first named subjects will 
begin at a very rapid rate, which soon declines, while the other three— 
even when told to start as rapidly as possible, and meaning to do so— 
will begin comparatively slowly and work up during a certain time. 
(Compare for example Exps. X and IX, p. 135.) 

On the subjects J. J., J. K. and H. P. we have made determinations — 
of pulmonary volumes, ventilations and rates of work only, under varying 
conditions. On A. K. and F. N. we have made a few “complete” 
experiments involving determinations of the respiratory exchange and 
the composition of the alveolar air at several moments, especially during 
the first minute of work. The most detailed study has been made on 
J. L. The respiration of this subject is deep, slow and extremely regular, : 
which greatly facilitates the correct sampling of the alveolar air. We 
wish to state explicitly—though it may seem superfluous—that the 
breathing in all cases (except when a subject was told to breathe 

1 Skand. Arch. Physiol. xxx. 
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forcibly) was quite involuntary. The subjects J. J., J. K. and H. P. 
had no idea whatever of the character of their breathing or of the 
changes which we expected on beginning work. In our own cases the 
changes observed, when we made our first experiments in the early 
spring of 1911, were so startling and so contrary to our expectations 
that we were led to undertake the present special study. During the 


two years which have since elapsed we have made a large number of 


experiments of sor selected cases only are directly referred to in the 
following. 

We shall begin by describing for each physiological function 
separately the changes which take place at or just after the transition 
from a state of comparative rest—sitting on a bicycle with the feet. on 
supports—to muscular work varying between 300 and 2200 kilogram 
meters (kg.m.) per minute. 

I. The mean capacity of the lungs, The mean capacity of the 
lungs during respiration has been defined by Bohr! as the average 


between the volumes present at the end of inspiration and expiration 


respectively. Bohr found that the mean capacity was increased during 
muscular work, and he expressed the opinion that this constitutes an 
important regulatory mechanism by which the alveolar surface is 
increased and the resistance against the passage of blood through the 
lungs diminished. We are unable to agree with Bohr's conclusions. 


We have observed cases (J. L., A. K.) where no increase whatever in 


mean capacity takes place even during heavy work and others showing 
probably? a comparatively slight increase. In one case only (J.K.) 
have we seen a sudden and considerable increase (0°7 l.) take place just 
at the beginning of work. We believe from what we have seen that the 
biological importance of variations in mean capacity is very slight, but 
we propose to put off the discussion until more material shall have 


accumulated. 


2. The ventilation of the lungs. We find in all the cases examined 

an abrupt rise in ventilation when work varying from 300 to 2200 kg. m. 

per minute is suddenly started. The immediate increase is on the 

whole greater with heavier work but there are large individual 
differences, depending, we believe, chiefly on training to sudden 

exertions. Tn the subjects J. L., F. N. and J. J. who are thus trained, 


klin. Med. XXVII. p. 385, 1907. 
That is, if we assume with Bohr (I. e. 
residual air) is a constant. This assumption holds true approximately in the case of J. L. 
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the immediate increase in ventilation. is very great with heavy work. 
In A. K., J. K. and H. P. who are not trained to sudden exertions the 
abrupt increase is not so pronounced though always present. 
J. L., F. N. and J. K. practically always begin work with a deep and 
rapid inspiration (Fig. 1) coinciding absolutely with the beginning of 


| | 
3 2 4 ae samples 1 
90 Joes seer Mom. per ms 
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Fis. 1. J. L. Transition from rest to work. Exp. X. Scale in liters. Time in 
vs minutes, + Ready, x Begin, + Stop. | 


* 


Fig. 2. J. L. Transition from rest to work of about 800 kg. m. 


work, but we have seen in a few cases, when the word to begin was 
given while an ‘expiration was in progress that this may be finished at 
a norma or slightly increased rate and depth, before the deep and rapid 
inspiration takes place (Fig. 2). 
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The full line curves in Fig. 3 represent graphically the observed 
total! ventilations calculated per minute (frequency x depth of breath, 
measured moist at 37°) for work varied: between 350 and 1880 kg. m. 
per minute. These curves are typical also for F. N. and J.J. It is 
a very significant fact that with heavy work the rate of the second and 
third breath is slower than the first, while the depth may be diminished 
also, A decrease in ventilation is thereby produced, but 10 to 
15 seconds after the beginning of work the ventilation is again 
increased and a maximum is generally reached in two to four minutes, 


* * * 


1470 
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Fig. 8. Ventilation curves. At O beginning of work. W 
minute. 


This maximum is followed by a second gradual fall down to a more or 
less constant level depending upon the rate at which work is being 
performed. With light work (300-400 kg. m.) the fall in ventilation 
after the first breath is not a constant feature and we have selected 
a record which does not show it. 

In one experiment the subject J. L. was told to work at a rapid rate 
and with a heavy load (3 kg.) but at the signal to begin current was not 


turned on to the magnets of the ergometer. The resulting respiration 


1 Figures relating to the alveolar ventilation are given in the protocols, pp. 188-196. 
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during the first few seconds was practically the same as if there had 
been a heavy load, though the actual work performed was insignificant. 
(Fig. 4 and short dotted line o----o on Fig. 3.) 


The curve —-—- on Fig. 3 gives the ventilation of A. K. in 


Exp. III (Fig. 5) which shows the smallest initial rise so far measured. 
This curve is roughly typical also for J. K. and H. P. The abrupt rise 


$+ 


* 


Fig. 4. J. I. Transition from rest to work without any load on the machine. 


2 
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is. 5, A. K. Transition trom rest to work of about 600 kg. m. Exp. III. 


may be of very variable magnitude but is never of the magnitude 
observed in the other group. The decrease in ventilation after the first 
breath is observed only occasionally and the rule is a gradual increase 
up to a comparatively constant level. : 

We have made no special study of the influence of work upon 
respiration rate or depth taken each by itself, because that would 
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i probably require a very large material to give results of any value. 


Some data bearing upon these points are found in the protocols. 

3. The pulse rate. We have never been able to count the pulse 
during the first seconds of bicycling on the ergometer, but it is known 
from the investigations of Miss Buchanan! that the pulse rate is 
increased from the first beat occurring after the beginning of work. 
Miss Buchanan has shown us the very great kindness to take some 
electrocardiograms on subjects starting work on a stationary tricycle. 
The work could not be measured but in some cases at least it appears 
from the symptoms to have been rather heavy. Miss e has 
sent us the following table of experiments: 


Pulse rates per minute. 


Resting ec. 2secs, 10 secs. 20 secs, 1—2m. 5—T m. after hearing signal to begin work 


105 120 120-127 Not heated by 5 mins. 
exercise. Great foot- 
baller. 


8 
> 
= 
S 


67 80 96 100 100 116 Vot much heated. 
78 85-90 100 100 140 130 4 good deal heated. 
75 84 88 96-108 100 Not at all heated. 
80 90 90 100 100-108 Not at all heated. 
106 120 124 185-140 135-140 Felt warm. 


“or 


8888288 8 
S22 


.S. H. 90 96 Wear 108 110 120 Not heated. 
H. Heart effects 180 — Worked very vigorous- 
( af ly, Much heated and 
e out of breath at 
end of two mins. 


From the experiments on R. W. D., C. G. D. and R. P. H. we have 
constructed the typical curves Fig. 6. It is evident that there is in all 
cases an abrupt rise in the pulse rate on starting work. The rise is 
followed by a further increase which is very rapid at first. The 
maximum is practically attained within one or two minutes, From our 
own experiments we have included a fragmentary curve showing the 
pulse rate of the subject F. N. while doing the very heavy work 
of 2200 kg. m.. 

4. The absorption of oxygen. The methods employed for deter- 
minations of respiratory exchange in periods comprising a few or even 
one single respiration are described in the paper quoted above. We 
have generally taken a determination about 12 seconds after the start 


Oxford Jun, Scientific Club. 1909. 

2 In our experiments the subject puts his feet on to the pedals on the word“ Ready.” 
This is often scoompanied by somewhat irregular breathing and by an increase in pulse 
rate. See Fig. 1. 
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and then two more during the first minute (see signals in Fig. 1), The 
later determinations and also the determinations made during rest 
comprise a large number of respirations and are certainly more accurate. 
In order to obtain information about the oxygen absorption during 
the first few seconds of work we have made some special experiments, 
similar in technique to our circulation rate measurements’. The 
subject (J. L.) was sitting on the bicycle with his feet on the pedals 
ready to start. He breathed through a mouthpiece and a three-way : 
tap. After an ordinary inspira- Re . 


tion the tap was turned and the ‘% 
expiration made into the record- MM 
ing spirometer. An alveolar 
sample was taken into a vacuous 
vessel from this expiration and 
while the tap was closed the jy 
subject started at a rapid rate. 
After three to four seconds the 
subject expired again into the 
spirometer, this time down to the 
residual air, and a second alveolar 
sample was taken, From the 
record we could determine the 
volume of air enclosed and the 
duration of the experiment, and 
the analysis of the two samples 


of alveolar air showed the de- 7 27 30 55 
crease in oxygen percentage from pig. 6. Pulse rates per minute during transi- a 
which the absorption of oxygen tion from rest to work. ‘ 


per minute could be calculated. | 
In control experiments of this kind made during rest we ſound normal 
O, absorptions of about 300 e. c. per minute and in three work experiments 
of 2˙8, 46 and 4°5 seconds duration we found 200, 250 and 750 cc. 
respectively. It is evident from these results, when they are compared 
with the values found after 12 seconds and later, that the increase in 
oxygen absorption is not abrupt but takes place gradually though often 
very rapidly and there would seem even to be a latent period of a couple. 
of seconds. 

A graphic representation of the changes in oxygen absorption taking 
place during the first minutes of work is given in Fig. 7. After about 

1 Skand. Arch. Physiol. xxv. 1912. ats 
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12 seconds the absorption has risen from the resting value of about 
250 0. per minute to something between 750 and 1500cc. and 
thereafter a further increase takes place until an absorption corresponding 
to the work (or in most cases rather in excess of it) has been reached. 
5. The circulation rate. From the observed changes in oxygen 


absorption it is legitimate to infer that corresponding changes take place 


in the circulation rate. During the first 6-10 seconds at least the 
venous blood reaching the lungs must have practically the same oxygen 
percentage as during rest and as the arterial blood is always practically 
saturated with oxygen the increase in O, absorption can be due only to 
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curves kg. m. per min. 


an increase in circulation rate and must be very nearly proportional to 
that increase. Later on the relations between O, absorption and blood 
flow become more complicated because the oxygen percentage of the 
venous blood may be and often is diminished’. Even then however 
a considerable increase in O, absorption is explicable only by a corre- 
sponding, though often smaller, increase in the circulation rate. | 


1 Krogh and Lindhard, Skand. Arch. Physiol. vn. 1912. The further possibility 
_ of oxydations taking place in the lungs themselves may be disregarded according to recent 
investigations by Evans and Starling (This Journ. XVI. p. 413) and by Henriques, — 
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Our results indicate therefore that the blood flow through the lungs 
begins to rise almost immediately after the beginning of work though 
there may be a latent period of a couple of seconds. A very rapid rise 
takes place at first and after 12 to 15 seconds when the pulse rate is 
perhaps doubled the circulation rate is at least tripled and perhaps more 
than quadrupled. 

The systolic output of the heart is probably often diminished during 
the first two or three beats because the rate is iuereased while the venous 
supply is still inadequate, but thereafter it rises rapidly and after a very 
short time we get what has been termed by one of us’ an adequate supply 
by which the systolic output attains its maximum and the blood flow 
per minute becomes proportional to the rate of beat. 

For direct determinations of the circulation rate during work we 
must ‘refer to the paper quoted above and we shall give here only 
a couple of measurements of the rate during the first 6 to 8 seconds of 
very heavy work which was begun just after the expiration for the first 

alveolar sample. 


Blood flow Og absorbed 


per minute per liter blood 
J. L. Resting 5 40 liters 65 0. o. 
Working, 84 secs. 18˙1 83 
F. N. Resting 8-2 81 
Working, 6°0 sees. 21°1 75 


6. The alveolar CO, tension. On the changes in alveolar CO, 
tension taking place during work it is possible to speak with great 
reservation only. The difficulties in the way of obtaining even 
approximately correct values for the average CO, tension have been 
pointed out in another paper. We became aware of these difficulties 
very gradually while the work was in progress, Our earlier material is 
therefore of little value in this respect and even from the results of our 
latest experiments we cannot compute quite reliable figures. 

In the later experiments we have taken samples denoted b-samples 
of alveolar air from the last portion of the natural expiration, when this 
was deep enough. We find that in the first stages of heavy work (about 
12 seconds after beginning) there is invariably a considerable fall below 
the resting value in the CO, percentage of such samples“. When the 
‘respiration increases considerably i in depth the variations in alveolar 
00, tension which take place in the course of every single breath must 

1 Skand. Arch. Physiol. XXV n. p. 126. 1912. 

2 Skand, Arch. Physiol. xxx. ; 

* With light work the fall in alveolar CO, is not cmd ti rity 
present nevertheless during the first one or two respirations. ; 
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become greater. We must.conclude therefore that there is a fall also in 
the average alveolar CO, tension and it seems probable that this fall is 
even greater than that observed in the b-samples, How great it is we 


do not know, In our own opinion our figures, which are given in the 


protocols at the end of the paper, have a qualitative significance only 
and the results which they can yield can be summarised as follows: 
When the first sample is taken about 12 seconds after the beginning of 
heavy work the average alveolar CO, tension is distinctly lower than 
during rest (perhaps about 1°/, or 7mm.). When the next sample is 
taken, 12 to 18 seconds later, the CO, tension is rising again. In some 
cases it is still distinctly below the resting value but in others it is 
perhaps higher. Later on the b-samples show CO, percentages which 
are on the whole higher than during rest. The calculated CO, 
percentages of the alveolar expired air are also generally higher than 


during rest and we believe therefore that the average CO, tension is 


incteased, but we do not venture to affirm positively that this is the case, 
and the increase in CO, tension cannot be considerable even when the 
ventilation is increased tenfold’, We have planned a special investiga- 
tion of this very important problem as the next point on our programme. 

7. The respiratory quotient. as determined from the CO, percentage 
and the O, deficit of the alveolar expired air rises almost invariably when 
muscular work is begun. With heavy work the quotient of the first 
sample (after about 12 seconds) is often above unity and a further 
increase may take place. A rise in quotient during the initial stages of 


work does not mean of course that a change in metabolism has taken 


place since the venous blood passing through the lungs is still unchanged. 
It means only that the balance between ventilation and blood flow’ has 
been altered, that the former has been increased out of proportion to the 
latter. That this is so in most cases during the first seconds of work is 
evident enough from the ventilation curves and the O, absorption curves 
given above (see also Fig. 13) and the respiratory quotients found only 


1 Hough (Amer. Journ. of Physiol. xxx. p. 18. 1912) who has taken Haldane-Priestley 
samples of alveolar air 10-20 seconds after work, found a distinct increase in CO; after 
light work and a decrease after héavy work. Hough lays special stress on the difficulties 
in obtaining correct values for the alveolar CO, under the influence of work and says that 
if the expiration by which a sample is obtained is in the least prolonged the percentage is 
certain to become too high. He believes that he has avoided this error and he has un- 
doubtedly diminished its influence to a certain extent. According to our experience the 
changes taking place in 10-20 seconds after work are too considerable to allow conclusions 

2 Krogh. Skand. Arch. Physiol. XXII. p. 267. 1910. Pel 
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serve to bear this out. In Exp. III on A. K. (Work 600 kg. m.) and 
IV on J. L. (Work 350 kg. m.) we have a comparatively slight increase in 
ventilation at first and normal quotients. That means that when the 
first sample was taken the increase in blood flow had caught up with the 
increase in ventilation and the further increases in both have — 28 
at about the same rate. 


It is obvious that changes which take place abruptly at the beginning 


of work or with a latent period if any —of less than one second cannot 


be brought about by any chemical regulation as a result of the processes 
in the working muscles. If the excess of CO, produced in the muscles 
were responsible for the rise in ventilation there must be a latent period 


until the blood from the muscles could reach the respiration centre and 


if, as has been supposed’, the rise in temperature of the blood during 
work was the cause of the increased pulse rate it must last a considerable 
time before this increase could take place. The mechanism which shall 
produce the abrupt changes must be a nervous mechanism, and so far 
as the pulse rate is concerned the case has been aptly put by 
Johansson“ who concluded from his experiments on rabbits that the 
motor impulses to the muscles irradiate to the centres governing the 


heart. We must conclude also that the motor impulses irradiate to the 


centres governing the respiration. 

Johansson expresses the opinion that the increase in pales rate 
cannot be due to a reflex innervation from the muscles because it is 
induced only by voluntary movements on the part of the animal but 
neither by mere passive movements nor by electrical stimulation. In 
the case of the heart our material does not lend itself to any more 
detailed study of the mechanism by which the acceleration is brought 
about’ and we can only express our concurretice in Johansson’s view. 

With regard to the ventilation we think also that the evidence is in 
favour of an irradiation of impulses from the motor cortex rather than 


I Mansfeld. Pfliiger’s Arch. cxxxrv. pp. 598-626. 1910. 

2 Skand. Arch. Physiol. v. p. 20. 1898. | 

xxv. p. 847, 1911). Aulo finds, like Miss Buchanan, that the first and chief effect of 
museular work on the heart is a shortening of the diastolic period, while the systole is 
not affected at all or increased until several seconds have elapsed. Since Hunt has found 
(Amer. Journ. Physiol. n. p. 436. 1899) that exclusion of the vagi has a like effect which 
sets in immediately, while excitation of the Nn. accelerantes causes shortening of both 


systole and diastole after a comparatively long latent period, Aulo concludes that the | 


main factor of the increase in frequency is a diminution of the vagus tone. 
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a reflex from the muscles and this view is supported especially by the 
fact that a deep and frequent respiration can be induced without any 
load on the ergometer, when the subject is led to expect that the work 
will be heavy. 

The assumed irradiation of impulses might as far as we can see 
influence the respiration in three different ways, namely : 

1. Through the cortex centres of the respiratory muscles — 
respiratory movements independently of and superseding the normal 
action of the respiratory centre —as in voluntary forced breathing. 

2. Through the automatic respiratory centre by impulses adding 


themselves to the normal impulses emanating from that centre. 


3. Through the automatic respiratory centre by causing a sudden 
increase in the excitability of that centre towards its normal stimulus. 

We have attempted to find out, partly by reasoning from the data 
given above and partly by experiments specially devised for that purpose, 
which of these possibilities is the most probable. 
The first possibility is realised, as mentioned above, during voluntary 
forced breathing by which a completely uniform (see Fig. 10) and 
greatly increased ventilation can be maintained, independently (for 
a certain time at least) of the decrease and disappearance of the 
chemical stimulus. In pain hyperpnea’ we have perhaps an analogous - 
but involuntary innervation. The mechanism of pain hyperpnœa has 
scarcely been sufficiently investigated to make it certain that it is quite 


independent of the normal stimulus of the respiratory centre, but it 


may at all events be carried on after the disappearance of that stimulus. 

During work and especially at first the attention of the subject is 
absorbed by the work and the breathing is quite involuntary. Never- 
theless we might have a direct innervation of the respiratory muscles, 
and the two facts that the initial ventilation corresponds more or less 
closely to the amount of work expected, and that it comes off whether 
the expectation is substantially realised or not might perhaps be taken 
to support this view. We have put the view, which we ourselves were 
inclined to entertain at first, to a crucial test. by experiments in which 
we varied the chemical stimulation of the respiratory centre 

a. by adding CO, to the inspired air and 

b. by removing CO, through forced breathing just before the work. 

If the action of the respiratory centre is superseded by direct 
innervation we should expect these variations to have very little 
influence or none at all upon the initial breathing during work. 

1 T. Henderson. Amer. Journ. of Physiol. xxv. pp. 310-333, 385-402, 1910. 
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We found that the addition of about 3°/, CO, causes a very 


considerable increase in the initial ventilation above that observed when 
the same amount of work is performed with atmospheric air (Exp. bi 


Fig. 12). 


The apnoea produced by one minute’s forced besashing during rest 
is in normal cases continued undisturbed for a certain time after the 
beginning of heavy muscular work. In one of the is essai th on 1 L. 


the alveolar CO, percentage (b-samples) 
was brought down by forced breathing to 
175% The apnoœa lasted seven seconds 
after the beginning of work of 1400 kg. m. 
and the alveolar CO, percentage found just 
after the beginning of respiration was 47 %, 
Before the experiment, during rest, 5°26 °/, 
CO, was found in a b-sample. In a corre- 
sponding experiment on J.J. the apnœa 
lasted for at least ten seconds after the 
beginning of work. J.J. had no idea 
whatever that an apnea would result from 
forced breathing and did not know. whether 
he respired or not after he had begun to 
work. In A. K. the alveolar CO, percentage 
was brought down by forced breathing to 
20. Cheyne-Stokes breathing (Fig. 9) 


| fee me #400 


Fig. 8. J. L. Forced breathing. 
, Apnea continued after the 


beginning of work. 


set in simultaneously with the work, and the CO, percentage during the 
first group of respirations was found to be 3°4°/,, but we found that 
during rest also the apnoea of this subject is interrupted by Cheyne- 


* 


— 


Fig. 9 A. K. 
first stages of work. 
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Stokes respiration after a very short interval (Fig. 10), When the 


respiration apparatus has been filled with oxygen a normal apnea is 
produced by forced breathing and this may be continued for several 
seconds after the beginning of heavy work (Fig. 11), When respiration 
begins during work after forced breathing the ventilation rises with 


extreme rapidity to a very high rate (Fig. 8, Curve Fig. 12) or = 
at once with 895 deep and rapid breathing (Fig. 11). 


Fig. 10. Nel de of sit. Cheyne-Stokes breathing during rest. 


The results of the CO, and apnœa experiments are conclusive in 
disproving the existence during the initial stages of work of a direct 
innervation of the respiration 
muscles superseding the normal 
action of the respiratory centre. 

If the second of the possi- 
bilities enumerated above was 


pulses irradiating from the motor 
cortex at the beginning: of work 
were simply added to the normal 
impulses, emanating from the 
respiratory centre, and produced 
the enormous increase in ventila- Wa 
tion by this addition, the effect of. | 
an increased alveolar CO, tension pig. 11. A. K. Forced breathing of oxygen. 
would be easy to understand, but Apneea after beginning work. 

1 This respiration began in the case figured after five seconds. The percentage of 
oxygen in the lungs must have been ample and the CO, percentage extremely low. We 
hope to undertake later an investigation of the causes producing this type of e, 


and others still more striking, after forced breathing. 
2 All the subjects of the apnwa experiments were much struck with the relief caused by 
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the apnoea results could not be satisfactorily explained, since they would 


imply that the impulses from the cortex were not sufficient in themadives 
to cause any respiration whatever. 


We appear therefore to be driven to the conclusion that the 


mechanism, by which the increased ventilation at the beginning of work 
is brought about, is a sudden increase in the excitability of the 
respiratory centre induced by irradiation of impulses from the motor 
cortex. Such an increase will account, as far as we can see, for all the 
facts which we have observed. Since, however, the conception of 
a respiratory centre of variable excitability has been called in doubt! 
it will be necessary before proceeding further to review briefly the 
evidence concerning this problem. 

Lindhard' found that under constant conditions an increase in the 
alveolar CO, tension brought about by breathing definite mixtures of 
CO, with air would produce very different increases in ventilation in 


different people, but for the same subject the increase in ventilation 
was (normally) a constant and could be taken as an index of me 


excitability of his respiratory centre. 

Lindhard found further that the excitability of a person’s respiratory 
centre could be temporarily altered by definite means: Drugs such as 
strychnine, morphia and chloral produce effects on the respiratory centre 
which are completely analogous to their general effects on the nervous 
system inasmuch as strychnine increases the excitability enormously 
while morphia and chloral diminish it. Oxygen was found by Lindhard 


to diminish the excitability of the centre. When the same proportion 


of CO, in 15 %, 21% and 96°/, O, was breathed the ventilation was teas 
with 21% than with 15 % and less again with 96% O,. 

Haldane and Douglas“ have been unable to confirm the effects of 
high (60 % oxygen percentages and they think that they may be 
spurious. They contend that the experiments have been of too short 
duration and that the alveolar samples were perhaps unreliable. The 
method of taking alveolar samples introduced by Lindhard has 
however been tested repeatedly‘ and compared with the Haldane-Priestley 
method but quite apart from this: if with a given percentage of CO, in 
the inspired air the ventilation is less with oxygen than with air the 


1 Douglas, Haldane, Henderson and Schneider. Phil. Trans. Roy. Soc. 


B. ccm. pp. 185-3138. 1913. 

* This Journal, XI. p. 387. 1911. 

3 Op. cit. (Phil. Trans. Roy. Soc.), p. 207. 
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alveolar CO, percentage cannot avoid being higher. That the duration 
of the experiments was sufficient is evident from the fact that the 
ventilation remained constant from minute to minute after the first 
minute or two’, 

Hasselbalch and Lundsgaard* have observed the identical effect of 
oxygen on rabbits in 10 m. experiments after an introductory period 
varied between 5 and 30 minutes, They have measured both ventilation, 
alveolar CO, percentage and H- ion concentration of the blood and obtained 
the same result from all sources. Hasselbalch and Lindhard® have 
repeated the oxygen experiments on man during a mountain expedition, 
using the original technique, and found them confirmed. 

We have finally found the oxygen effects confirmed in the case of 
J. L. (Exp. VI) both during rest and during muscular work e ee e 
in which the CO, percentage was allowed to rise slowly. 3 

The effect of a high oxygen percentage in the air breathed on the 
respiratory centre must be brought about through an increase in the 
oxygen percentage of the arterial blood reaching the centre. This 
increase can at best only be slight, since the arterial blood is normally 
very nearly saturated with oxygen, and it is to our minds not at all 
surprising if it should be inconstant and if the oxygen effect cannot be 
demonstrated on all subjects. 

Haldane and Douglas interpret the effects of low oxygen tensions, 
which they have observed themselves‘, as due to the production of acid 
substances in the centre under the influence of partial asphyxia. If we 
assume that such substances are normally present in the centre and may 
be destroyed when the O, tension of the blood rises, their interpretation 
might perhaps be made to cover the oxygen effects as well. Though 


acid substances are undoubtedly present in the blood when a subject 


has been exposed for some time to low oxygen pressures the existence 
in the respiratory centre itself of substances of an acid nature which are 
readily oxidizable when the oxygen tension reaches a certain rather high 
level' is purely hypothetical and we believe that the hypothesis ascribing 
to the oxygen a direct influence on the excitability of the centre offers 
on the whole the most probable explanation of the various facts observed 
in eonnection with oxygen inhalation, but while we are * convinced 

1 This fact was not explicitly stated in Lindhard's paper. 

2 Skand. Arch. Physiol. xxvm. p. 29. 1912. * Ibid, xxv. p. 361. 1911. 

4 This Journal, xxxvut. p. 401. 1910. 

5 The substance in question cannot be lactic acid, since this acid is oxidizable in 
tisenes (afuscles) with a very low O, tension, while it is probably not oxidized at all in 
the blood, : 
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of the reality of the oxygen effect we admit that its correct interpretation 
is still a matter of legitimate doubt. 

Further studies on the excitability of the respiratory centre have been 
made by Hasselbalch and Lindhard? who observed a distinct influence 
of strong sunlight and chemical light baths in the case of J. L. and others 
but not on K. H., by Hasselbalch* who observed an increased excit- 
ability in one case during pregnancy and finally by Hassel balch* who 
shows that changes in diet, which profoundly alter the alveolar CO, 
tension do so by altering the hydrogen ion concentration of the blood 
(measured under a constant CO, tension) while they have no influence 
whatever upon the excitability of the respiratory centre, while a substance 
like morphia has no influence upon the Cn of the blood but increases 
the alveolar CO, tension by diminishing the excitability of the. respira- 
tory centre. 

The influence of drugs (strychnine, morphia, etc.) upon the respiratory 
centre is undoubtedly direct and chemical. The influence of oxygen 
is—at least in our opinion—quite analogous. When chemical light 
acting on the skin influences the respiratory centre the influence is 
probably conveyed through sensory nerves and partakes of the character 
of a reflex. The influence finally which the experiments described in 
the present paper have led us to assume is purely nervous in character 
and may probably be analogous to the influence exercised by the brain 
on reflexes. The respiratory centre is after all a nervous ‘centre and 
must be subject to nervous influences. 

The hypothesis of a sudden increase in excitability of the respiratory: 
centre will explain, as stated above, all the details of our results. In 
just those cases in which we find a decrease in ventilation after the first 
breath we find also a decrease in alveolar CO, tension‘. The diminished 
reaction corresponds to the diminished stimulus, and when the stimulus 
is again increased the ventilation rises. 

When CO, in air is breathed the stimulus is increased and with the 
high excitability the result is an enormous ventilation (Exp. VII, Fig. 12) 
While the subject feels a most intense craving for air. CO, in oxygen 
produces an effect which is distinctly less pronounced because - 

1 Skand. Arch. Physiol. xxv. 1911. Lindhard, ibid. xxvi. 1912. 

Ibid. xxvm. 1912, Biochem. Etschr. xuvt. 1912. 

It might be contended perhaps that the . 
00, tension to make themselves felt in the respiratory centre. The rapid increase in 
circulation rate will account for this, however, and we may refer moreover to the observa- 


tion by Haldane and Priestley (This Journal, xxxn. p. 258, Fig. 10) of an apneic 
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_ REGULATION OF RESPIRATION. 129 
; | oxygen lowers the excitability of the respiratory centre and allows the 
5 CO, percentage in the lungs to rise much higher (Exp. VI, Fig. 12). 


After forced breathing for one minute or more the OO, tension fell 
in our experiments to 2°3-1°5°/, and the hydrogen ion concentration of 
the blood was therefore not only lower than the threshold exciting 
value but also below the point of neutrality towards the centre 
(“ Apnepunkt” Hasselbalch) which acccording to Hasselbalch' is 

Probably about 10mm. (1-2°/,) CO, below the actual alveolar Co, 
tension. When this is so, no amount of increased excitability could 
induce respirations before the Cn of the blood had exceeded the point 
of neutrality by just enough to be a minimal stimulus to the very 
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5 excitable centre, and it is therefore a very important fact that the 
apnoea lasts on during work until a CO, tension has been reached 
similar to that found in the ordinary work experiments a few seconds 

after beginning. 
Having found that the hypothesis of a sudden increase in the 
excitability of the respiratory centre is the only one we can find which 
will agree with all our facts we have finally compared directly the 
excitability of the centre during rest with that during light work 
(367 kg. m. per minute). It is generally admitted that during light 
work there is no lactic acid in the blood and the CO, alone is responsible 

} Biochem. Etochr. XVI. p. 490. 1912. 
PH. XLVIl. 9 
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for the stimulation of the respiratory centre and for the ventilation. 
The results are given in detail in the protocol (Exp. XI) and we need 
only refer to Fig. 13, It will be noticed especially that with the same 
CO, percentage in the b-samples of alveolar air (6°45 %% the ventilation 
during rest is much smaller (8°61. per minute) than during the work 
(26 1. per minute). The average alveolar CO, tension is almost certainly 
lower in the latter case than in the former. The excitability of the 
centre must therefore have been considerably W | 


Fig. 18. J. L. 1. Ventilation in air. Rest. 2. Ventilation in air with 8°2°%/, CO,, 
Rest. 3. Ventilation in air, Work. 4. Ventilation in air with 3 % CO,. Work. 
Upper line of figures CO, %, b-samples. Next line of figures CO. % alv. exp. air. 


The mechanism of the increase in blood flow and in oxygen 
absorption, which depends upon the blood flow, requires only a brief 
reference. 

The increase in blood flow is not abrupt but gradual, and there is, 
sometimes at least, a latent period of a couple of seconds. The 
mechanism is probably complex, but the chief factor must be an 
increase in the venous supply caused (1) by the vasodilatation in the 
working muscles, (2) by a discharge of blood from the. splanchnic 
reservoir, (3) by the pumping action of the leg muscles upon the blood 
in the veins of the lower limbs. The acceleration of the heart rate has 
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not in itself any power to increase the blood flow as long as the supply 
is inadequate and the same holds good, at least partially, of the increase 
in the force of contraction and in completeness and rapidity of relaxation 
which are very probably factors in the final adjustment of the heart to 
the great strain which is put upon it by heavy muscular work. 


It is obvious that the reactions in the circulatory and respiratory 
systems against sudden and violent exertions constitute in their entirety 
a regulating mechanism of great importance to the organism. If the 
circulation and the respiration did not adapt themselves to the 
instantaneous and enormous rise in muscular metabolism, which is 
coincident with sudden and violent exertion, before the heart and the 
respiratory centre were acted upon through the blood by the metabolites 
produced, then sudden and violent exertions on which the very life of 
most wild animals depends and which may sometimes be very useful, at 
least, to civilized man himself, could not possibly be sustained for more 
than a fraction of a minute. The working muscles would be hopelessly 
asphyxiated before the fresh supply of oxygen could reach them and the 
excess of CO, be got rid of. 

The ideal condition would be of course that the circulation and the 
respiration were adapted to the changing needs as instantly as the 
muscles themselves. This ideal is not realised in any of the persons so 
far examined by us and some of them fall considerably short of it, but 
even in these the mechanism by which the ideal can be approached can 
easily be shown to exist. : : 

The amount by which the actual adaptation falls short of the ideal 
is responsible for the fact that for a certain time, from two to four 
minutes after the beginning of work in most of our experiments, the 
heart and respiratory muscles must do work in excess of the average 
corresponding to the requirements to make up for the time lost during 
the first minute. We have found that it is extremely difficult to sustain 
the muscular efforts during this period, and generally st work 28 
per minute will drop down 10 % or more. 


At the beginning of heavy work —especially in persons trained to 
sudden and violent exertions there is an abrupt rise in pulmonary 


ventilation and heart rate. The blood flow (as indicated by the oxygen 
absorption in the lungs) is increased evenly but very rapidly. 
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132 A, KROGH AND J. LINDHARD. 


After the first breath the ventilation generally falls somewhat during 
8-12 seconds and then rises again. During the same time and before 
there is a considerable fall in alveolar CO, tension which is likewise 
followed by an increase. 


The respiratory quotient rises rapidly to or above aie Fig. 14 is 


a graphic summary of the changes observed in 2 typical experiment. 


Fig. 14, J. L. Changes in ventilation, O, absorption, srelar 00, (sample) and rep. 
quotient at the beginning of work of 800 kg. m. 


Evidence is brought forward to show that the rise in ventilation like 
the increase in heart rate is not produced reflexly but by irradiation of 
impulses from the motor cortex. 

the case of the ventilation these impulses are found to act 
ly through the respiratory centre by suddenly increasing its 
excitability towards hydrogen ions. 

The mechanism disclosed provides a very rapid though not instan- 
taneous adaptation of the respiratory and circulatory systems to sudden 
muscular exertions. Without it such exertions could not be kept up by 
se organism for more than a fraction of a minute, 
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Protocols of Experiments: 


LEG May 31, 1911, 10.30 a.m. Bar. 767, Temp. 20-7, Load 2-0 kg. 
1 ( 5 5 10 11 


Insp. 0-01 CO, 
23 4:85 270 0-76 800 if 2221 0, 


Ext i 

i 

5 2924 25°85 16°33 5°28 4°88 894 0-90 
2965 


+13 0-396 153 85:10 16-08. 5-04 4:66 1545 1-06 0-00 
+2°3 18-1 2770 388-40 15°14 5°42 5°02 2015 0-93 Insp. 21.04 
73.7 0489 15-9 2810 34:50 14-98 5°86 5-43 1880 0-99 700 


+68 0°458 17-4 2490 33-00 
+88 0°573 166 2800 35°60 


II. J. L. June 12, 1911, 11.80 a.m. Bar. 754, Temp. 154% Load 2°5 kg. 


%%% ů 
0606 82 798 4-03 15°26 4/56 210 091 


+0°21 0-222 13°5 2760 28°10 16°54 4°58 4:24 1100 1:08 
+0°49 0-149 13°4 2985 3035 — 493 456 — — 
+0°87 0˙144 13°9 3335 35°40 15°76 5:16 4°78 1635 1-03 | 
pat +125 0˙122 15°5 3365 89°90 15°56 5°34 495 1883 1°04 930 
+265 0°290 17-2 3320 43°70 15°07 5°50 5°10 2235 1°00 
+40 0°289 206 2960 46°50 15°18 5°40 500 2260 1°03 
+55 0°469 17˙1 2945 38°05 14°71 5°31 4°92 2000 0°94 


‘Insp. 20-99 0, 


| 0°820 2725 38:50 14-07 5°67 5:26 2140 0°95 Insp. 20°14 O, 
1 UI. A. K. June 16, 1911, 11am. Bar. 764, Temp. 15:0°, Load 2-0 kg. 

15°7 582 414 15°36 5°18 4:79 251 0-79 

+0°34 0-420 19°0 1040 12°56 14-79 5-50 510 823 0°77 

+1°34 0-354 16-9 1703 20°40 14-52 6-34 5°86 1347 0-89 

4 +3°68 0°362 166 2225 27°25 15°98 5-98 5°54 1830 1:13 

7 | +4°78 0-351 19-9 2085 29°00 16°71 6-06 561 1468 1-11 

i a 1 For the experiments made before 12 o’clock the subjects have only had a very light 
14 breakfast at 8 or 9. The afternoon experiments were made after a substantial lunch. 


and also of year. 
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1 4. KROGH AND J. LINDHARD. 


IV. J. L. June 19, 1911, 11.45 a.m. Bar. 753, Temp. 14-4°, Load 1-0 kg. 


1 2 8 4 5 6 7 8 „ 
-23 0549 7:3 873 400 14°50 5°37 4°99 286 0°85 


0-165 12°99 1340 11°75 14°29 5°55 5°13 684 0-88 


+0°60 0°163 12°38 1553 13°30 18°45 590 5°45 878 0°83 
0234 12°38 1685 15°35 13°60 5°81 5°38 959 0°85 


4+1°64 0-312 128 1865 17°20 13°98 5:73 5:30 1006 0-91 
0347 144 1757 18°00 13:90 587 548 — 


0472 12°7 1744 15°80 13°38 602 557 — — 
+748 0-865 18-7 1647 15°90 18°50 594 549 — 
144 1730 17°75 18°57 5°98 553 — — 


+115 0289 138 1730 17-03 1805 607 562 — — | 
+137 0-285 14-0 1725 17-20 18°85 5-77 6°34 1045 0°88 830 Insp. 10.94 0, 


Insp. 90-77 05 


Insp. 19°69 0, 


v. 3. L. June 25, 1912, 2.30 p.m. 002 in insp. air. Bar. 760, Temp. 190°, 


1 2 3 4 5 
-3°5 06938 84 1560 9°29 17°67 6:13 568 270 0°58 

Insp.3°95CO, 
-25 0544 92 1600 10°45 17°55 632 5°86 314 0°62 20°70 O, 


+0716 0°053 189 3300 47°95 17°84 6°23 5°54 1356 0°71 


1100 

+0°36 0°047 21°3 8450 56°6 17°73 6°42 5:71 1660 0°75 Insp. 3°50 
+0°7 0-088 22°7 3440 60°3 17°26 7:10 6-31 1970 0°86 962 21-07 
+1°7 0294 840.8150 823 17°95 625 556 — — 778 | 
+2°6 0150 83°83 8055 78-0 17°05 6°59 5°86 2400 1°08 710 


„In this and all later experiments b-scmples in cols. 6 and 7. 


VI. J. L. June 26, 1912, 2-4 p.m. 00, and oxygen in insp. air. Bar. 760, ned 
19°5°, Load 2 kg. 


-182 0°690 7-2 1030 5-00 5°03 4°67 — Insp. 0°05 
-121 0-620 81 1094 59 — 576 62% — — Insp. 2°17! 
-110 0523 96 1462 980 — 615 547 — — Insp. 3°60 
26 0747 67 969 427 — 5660 520 — — Insp. 0-052 
90°85 
-14 0710 70 1036 487 — 604 549 — — Insp. 2˙41 
-21 0613 82 1885 751 — 668 590 — — Insp. 8°97 
+020 0049 20-4 29780 483 — 685 565 — — 1150 
+0°47 0-051 196 2990 450 — 668 5:94 ᷓ¶—  — 1068} Insp. 3-77 
+0°77 0-044 22:7 2080 518 — 17:50 667 — — 1052 
+19 0893 255 8180 622 — 802 714 — — 2858 
+83 «60178 289 3025 670 — 719% 707 — — 268 | 8°68 
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1 CO, on 10 m. earlier. O on 4 m. earlier. * CO, on 9 m. earlier. 
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REGULATION OF RESPIRA TION. 


VPI. J. L. June 27, 1912, 11 a.m. 00; and diminished in in. an Bar. 158 
Temp. 190%, Load 2-0 kg. 


vn. F.N. Sept. 3, 1912, 11.50 s.m.—2,30 p.m. 


1 2 


0-242 
160 

0-233 
—2°5 0°435 
+0°20 0°141 
+052 0°106 
+0°79 0°116 
0°176 


8 4 


0-700 71 807 8:59 


0-668 
0-606 
0-052 
0-051 
0-189 


0-280 
0-164 


75 878 
8-2 1814 


19°3 2980 
19°6 8800 
21˙6 8355 


85°7 
36°6 


4°24 
7°45 


43°95 


14°72 


7 


5°30 
5°98 


5-90 


6°30 
6°85 


6°28 


8 9 10 11 


5˙18˙ — 
| “Insp. 0-08 
4°92 — 18-42 
531 — Insp. 8-27 
17-55 


5°25 1240 0°75 1014 
5°60 1575 0°76 1014 Bais 
6°08 1975 0°83 950 Insp. 8:14 

17°73 


5°58 1969 1°10 735 Insp. 2-93 
17°66 


005 in alv. exp. air before exp. 5:08 %. 


3190 


7 


4-45* 


4:47" — 


4-73" 
4°83* 


15°89 4°25 3°77 
14°07 6°06 5°38 
13°60 6°93 6°15 
14°55 6°83 6°06 


* Haldane-Priestley exp. sample. 


Bar. 760, Temp. 18°0°, 3°65 kg. 
Pulse rate 
per min. 


2667 0°90 85 


1455 1°06 
2820 1°06 
3760 1°14 
8065 1°37 


+ Resp. exper. 


IX. A. K. Sept. 18, 1912,10a.m. Bar. 760, Temp. 14°6°, Load 2°5 kg. 


-&0 0°336 149 708 5°79 


—2˙0 0310 


+-0-26 0-076 
+0°42 0-098 
7068 0-053 


X. J. L. 

1 2 
-9 075 
-7 056 
+0°19 0-084 


+0°40 0°086 


+0°69 0-113 
+0°85 


16˙1 


26°4 
32˙2 
56°6 


881 8°50 


2250 43°8 
2080 49°2 
1490 58°6 


16°32 


1492 
— — 1647 
— — 16093 165 
— — 1770 


Sept. 20, 1912, 10 a. m. Bar. 771, Temp. 14°6°, Load 3˙0 kg. 


6˙7 
71 

23°8 


23°3 
26°5 


4 5 


810 3°38 12°77 


825 38°72 


2840 52:2 15°70 
3060 55˙2 15°83 
3245 67°4 15°68 


12°48 


7 
5°52 
5°66 
4°26 
4°69 


5°54 


417 


151 
— — 1683 
168 
— — 1470 
1290 


135 


4 
4 
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x 
21 
11 
0°53 50°0 18°97 
4 
+ 
0°86 56 
* 
¢ 
1 8000 82-0 
72˙8 2625 72-7 
2 
q 
3 4 5 6 | 8 
206 591 — — — 
5°13 
21°4 475 — — 
5 184 723 737 — — — 78 Insp. 20°19 q 
21°3 2540 40°7 2375 151 
28°3 2600 2355 Insp. 20°12 
25°8 3490 69°5 2070 170 4 
28˙3 1 69°3 1605 166 4 
id 
4°3 
— 1 
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XI. J. L. Aug. 27, 1912, 11 a.m. 00, in insp. air. sup. 
centre. Bar. 740, Temp. 18-0°. Load 1-0 kg. 


VVV 


-14 062 65 887 855 — 574 522 — — 67˙6 Insp.0-00C0, 
-12 O81 62 891 848 — 576 535 — — 

-2 0% 80 1901 627 1859 640 582 — — — 704 Insp.3-20C0, 
-1 0565 71 1261 591 — 647 588 — 2 

+6 0308 2290 21:0 1420 6˙40 5°22 -— — 379 1001 Insp. 0-28 C0, 
+7 0880 121 2180 190 — 645 5297 — — 2865 

+15 0-836 149 2590 26°3 18°26 7-20 5°88 1110 — 867 1000 — 
2 
+16 0328 152 2715 805 — 7:20 588 — — 3867 Insp. 2· 94 CO, 
+28 0316 126 1888 16-9 18°01 668 5-45 10% — 1000 Insp. 0-28 CO, 

* 0-834 120 1930 16-15 — 660 539 — — 367 
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THE CARBOHYDRATE METABOLISM OF THE 180. 
LATED HEART LUNG PREPARATION. By S. W. 
PATTERSON: anv E. H. STARLING. 


(From the Institute of Physiology, University College, London.) 


In a recent paper by Knowlton and Starling« on the consumption 
of sugar in the normal and diabetic heart a marked difference was 
found according as the dog from which the heart was taken was normal 
or diabetic. Further, when an extract of pancreas was added to the 


circulating blood, the heart quickened its pace and the consumption of 


sugar was apparently increased. It was therefore concluded that the 
essential feature of pancreatic diabetes was a failure of the tissues, e.g. 
the heart muscle, to utilise sugar circulating in the blood. Certain 
aberrant results were recorded, but these were ascribed to absence of 
care in the cleaning of the tubes. Apparent confirmation of the 
inability of the diabetic heart to utilise sugar was furnished by 
MacLean and Smedley in a research on the sugar consumption of 
the isolated heart perfused with Ringer's solution. 

The question is however of such importance that it seemed to us 
worth while to repeat the experiments with greater variation of the 
conditions. In Knowlton and Starling’s experiments an analysis 
of the blood serum was made every hour, and only small quantities 
of serum, 5 to 10 ce, were available. Any error of determination 
would tend to be multiplied considerably in calculating the total sugar 
consumption by the heart lung preparation. We therefore resolved to 
use larger quantities of blood for analysis and to take samples only at 
the beginning and end of the experiments. We also, after a preliminary 
comparison of the two methods, decided to use the method of Rona 
and Michaelis@ for the precipitation of the proteins of the serum, 
rather than the copper sulphate method employed by Knowlton in his 
analysis. In many cases comparative estimations were made by both 
methods. | 

1 Beit Memorial Research Fellow. 
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138 8. . PATTERSON AND E. H. STARLING. 


It is rather difficult to decide whether in these cases we should 
determine the sugar content of the whole blood or only that of the 
serum. We finally decided upon the latter on the following grounds: 

(1) The sugar in the serum represents that which is available by 
diffusion for the use of the tissues, It is the sugar content of the 
serum which will determine the content of the tissue fluid. 

(2) It has been shown by Hiéber@ and others that there is no 
constant relationship between the sugar content of the corpuscles and 
that of the serum, though the sugar content of the corpuscles is always 
less than that of the serum. 

(3) It is much more difficult to separate the proteins foes the 
whole blood than from the serum. 

Methods. Dogs were used throughout the research; and a com- 
pletely diabetic condition was obtained by total removal of the pancreas 
two to seven days beforehand. The diabetic animals were fed on milk 
for the first 36-48 hours after the operation, and then on meat, usually 
with the addition of ox pancreas to supply the absent external secretion 
of the pancreas. In some cases different carbohydrates were added to 
the diet. The normal dogs were fed on the usual kennel diet of dog 
biscuit, except where otherwise noted. 

The heart lung preparation was made by the method described by 
Knowlton and Starling. Scrupulous care was taken to keep the 
tubes and apparatus clean. After each experiment they were washed | 
out with water and strong soda solution and the whole apparatus was 
boiled after every two or three experiments. In many cases the 
apparatus was kept filled with strong soda solution, being washed out 
with sterile saline solution just before the experiments. 

A series of experiments was also made on the consumption of sugar 
by the isolated lungs in normal and diabetic dogs, carried out by an 
adaptation of the method used by Martin and Embley@ for perfusing 
the isolated intestine. 

The sugar of the serum obtained by centrifugalising the blood after 
the removal of the proteins by Knowlton’s method or by an adaptation 
of the Rona-Michaelis method, was estimated by Bertrand’s@ 
method, and frequently also by observing the rotation of a polarised. 
beam of light produced by the solution. | 

_ Knowlton’s method of removing the serum proteins with copper 
sulphate and subsequent neutralisation requires careful manipulation 
and in our hands was found less accurate and easy than the Rona- 
Michaelis method with colloidal iron (Liq. Ferri Dialysatus). Sodium 
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sulphate was used to throw the excess of iron out of solution, as 
it was found that a slight excess of magnesium sulphate, which is 
recommended, caused a colloidal precipitate of magnesium hydroxide, 
which interfered with the filtration in the subsequent Bertrand 
manipulation. The following is the exact procedure employed :— 


20-25 0.0. of serum were diluted with distilled water to about 200 C. 6. in a 250 0. o. 
measuring flask, 20-25 0.0. of colloidal iron were added slowly with constant shaking, 


until the precipitate produced appeared to be going up into solution again; the mixture 


was shaken and allowed to stgnd a few minutes; then a small amount (5-1 grm.) of 
sodium sulphate in solution was added to the mixture which was made up to 250 c.c. and 
thoroughly shaken. After standing a few minutes, the mixture was filtered through a 
plaited filter paper and 200 c.c. of filtrate obtained. From 5 to 7 drops of dilute acetic 
acid were added, and the mixture evaporated to small bulk in silver dishes on a water 
bath, without completely drying. Then the remainder with washings and 5 drops of 
alumina cream was made up to 10 c. c. in a measuring flask. The solution obtained was 
filtered into a 200 mm. polarimeter tube, the rotation observed by means of a three-field — 


Schmidt and Haensch polarimeter, 
Bertrand’s method. 


TABLE I. Control estimations. 
Modified Rona-Michaclis (Na,SO, instead of MgSO,) and Bertrand. 


Reading 
1, Serum with 4% glucose added (a) 29°4 
(b) 29˙7 
(e) 32˙3 


60 
„ 4 95 55 +°6 5 
fructose ~1°06 393 


— 1°05: 400 
580 


do. do. do. 
Serum + glucose (CuSO, added, 
neutralised and filtered) 
do. do. do. 
do. do. do. 
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After proficiency with the method had been obtained, serum, to 
which known amounts of sugar were added, gave results such as those 
reported in Table I, the experimental error being less than 20 mgms. of 
sugar per 100 cc. serum. 

The figures obtained by the Rona-Michaelis and Bertrand 
methods are given in the table of experimental data. | 


EXPERIMENTAL RESULTS. 

1. Sugar consumption in the lungs. Since the blood in the heart 
lung preparation passes through heart and lungs, both of which are 
alive, and our special object is to determine the sugar consumption in 
the heart muscle, it is necessary in the first place to determine whether 
any, and if so, how much, sugar is used up by the lungs themselves. 
Table II contains the results of a number of experiments in which an 
artificial circulation of defibrinated blood was carried out through the 
isolated lungs, the motive power being supplied by a rubber enema 
syringe which was rhythmically compressed, so as to maintain an 
average pressure of about 15 mm. Hg. in the pulmonary artery. Since 
the weight of the lungs is apt to be interfered with at the end of the 
experiment by the presence of more or less edema, we have not weighed 
the lungs themselves but have weighed the heart of the same animal 
and give our results in mgms. per gram heart muscle. 


II. Leolatsd lunge perfused by Martin and Embley‘s method. 


Sugar Sugar Amount used 
1 normal 0 195 080 66 50 1-30 
„„ + 466% 210 156 111 1:40 
8 0 227 062 110 716 144 
4 normal + B45 275 96 73 1-30 


It will be seen that the lungs constantly use up a certain amount of 
glucose corresponding to about 1°3 to 1°5 mgms. glucose per gram of 
heart muscle per hour. This observation is in accordance with Evans 
and Starling's results on the consumption of oxygen by the lungs. 
The oxygen consumption of the lungs amounts to about 1-0cc. per 
gram heart muscle per hour. We found no difference in this respect 
between the lungs of normal animals and of diabetic animals, so that 
there is no reason for doubting that in the latter case the tissues of the 
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lungs still preserve their power of consuming and presumably oxidising 


the sugar of the blood. 


2. The consumption of sugar in normal hearts. At the very ontect 


ol our experiments we were met with the difficulty that we were unable 


2 


to confirm the constant sugar consumption for normal hearts described 
in the paper of Knowlton and Starling. When we began these 


experiments we had not carried out any determinations of the sugar 


consumption in the isolated lung, but we found in all cases that the 
sugar consumption in mgms. per gram heart muscle was considerably 
less than that previously found, namely, 4 mgms. per gram heart 


muscle per hour. The following table contains the results of - 


er on normal heart lung preparations, 


ane III. Normal heart lung preparations. 


Sugar 

Remarks Temp. Time B.P. V.. Rate 2 % before % aſter per hr. per hr. (%) 

2 40+ 7j 1 3 36 

36 3 20+ 80 a 0 1080 186 -008 080 93 

biscuits 36 2 65 60 112 + 675 320 -150 160 116 0-85 
6 1 % 800 40 11 

36 2 9 50 slow + 610 430 3880 120 75 
fasting 36 2 9 90 160 + 690 340 440 1:30 86 00158 
| 36 1 9 % 28 + 610 480 3880 860 288 0-85 
lactating 36 2 9 70 110 + 740 850 495 210 155 0-75 


Should take place. 


It will be seen that the e obtaĩned for sugar consumption are 
extremely variable. Only in one case however do they touch the figure 
of 38 mgm. In most of the cases the consumption per gram heart 


muscle per hour was less than 2 mgms., and in one case it fell to as 


little as 8 mgm. We have therefore no criterion of comparison by 
which we may judge of the presence or absence of the power of con- 
suming sugar in the diabetic heart. Moreover if we subtract from 
these results the sugar consumption which can be ascribed to the lung 
part of the heart lung preparation, we arrive in many cases at a minus 
quantity for the sugar consumption in the heart. It is evident that 
there is some factor here which we have hitherto failed to record and 
which may introduce sugar into the system. We thought at first that 


i — 2 
=. 
+}, 
72 
4 
* 
— 
3 
3: 
F. 
U 
2 
* “Blood before was after this drawn at beginning of experiment, and kept at 3 
36 C. during the ¢ in order that lysis which the blood t effect 1 
during ex ent in order any glycolysis w e 3 
- 
* 
* 
| 
4 
» 
j 
* 
1 
— — 


No. 


142 S. W. PATTERSON AND E. H. STARLING. 


this factor might be unknown interchanges between the corpuscles and 
the plasma. It seems more probable however that the disturbing factor 
is the glycogen of the heart muscle, the lungs themselves containing 
only minute traces of glycogen. The normal heart may however 
contain 7 or 8 % glycogen, and perhaps even more, te. a 50 gram 
heart may contain 400 mgms, of carbohydrate which is not taken 
account of in our blood analyses. In Table III we give the glycogen 


content of the heart as determined by Dr Cruickshank at the end 


of the experiment. It is certainly difficult to make out any definite 
relation between the amount of glycogen present and the sugar con- 

sumption; but this is to be expected in view of the considerable 
variations in the glycogen content of the heart muscle, and of the fact 
that it is impossible to make a determination of the glycogen in the 
heart muscle at the beginning of the experiment. Before however we 
can accept the glycogen as the disturbing factor we must have some 
proof that the glycogen is actually available for consumption in the 
heart muscle. Since we could not obtain a quantitative estimate of the 
utilisation of the glycogen of the heart muscle during the experiment, 
we endeavoured to find whether by excessive work and stimulation of 
the heart it would be possible to induce this organ to use up not only 


the sugar of the circulating blood but also the whole of its glycogen. 


For this purpose experiments were prolonged for three or four hours, 
while the blood-pressure was maintained high and the heart was 
continually stimulated by means of adrenalin. It has already been 
shown by Evans@ that the total metabolism of the heart is approxi- 
mately proportional to its rate and is very largely increased by the 
administration of adrenalin. The following table contains the results 
of experiments carried out in this way. 


Tan IV. Normal heart lung preparation stimulated by adrenalin 


Glycogen 


ĩ 8 
levulose 36 2 95 60 200 + 565 640 ‘880 4:10 238 36 6˙75 
fasting 36 2 95 100 18 + 670 510 356 2°62 175 06 
36 4 90 — 200+ 0 1220 050 009 05 
36 4 95 - + 980 280 000 030 - 00 adren 
36 4 90 200 + 780 165 8-00 13 2°5 
9 0. o 
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In these experiments the result of the over-stimulation was 
either to cause a complete consumption of the sugar in the circu- 
lating blood, or if this were kept high by the continued addition of sugar 
the sugar consumption in the muscle rose to as much as 8 mgms. per 


9 gram per hour. When no sugar was added the glycogen disappeared 
ap completely from the heart, and even when considerable quantities of 
41 sugar were added the glycogen of the heart muscle almost completely 


disappeared. We may therefore conclude that the heart in our 
preparation is in a position to draw upon its glycogen store, and 
that in the absence of any previous determination of glycogen of the 
heart muscle it is impossible by analysis of the blood or blood serum 
at the beginning and end of the experiment to find with any accuracy 
what is the total carbohydrate metabolism of the heart. 
ae 3. Eapervments on diabetic hearts. The following table gives the 
3 results obtained in experiments on heart lung preparations from dogs 
8 which had been rendered diabetic by removal of the pancreas two 


Taste V. Heart lung preparations from depancreatised animals, 


No. 
Remarks 
Temperature 
Time 
B. P 

S Rate 

Sugar added 

2 

S eher 
heart 
liver % 


2 „ 2 „ 36 2 40+ 60 180 0 615 -220 050 200 - 44 26 
8 „ 4 „ 86 2 20+ 80 140 0 640 220 040 220 - ~ 
4 „ 2 „ 36 2 5 60 118 + 435 500 520 070 830 89 
5 „ 8 „ 8 2 70 50 106 + 700 70 385 1°70 17 -26 
(meat) | 
5 6 0 - 4 490 480 290 280 112 26 
(meat) 
(meat) | 
36 2 60 65 86 + 45:0 40 400 0-83 87°5 “875 
9 3 36 2 9 655 87-0 -250 150. 60 1-60 
* 10 „ 5 „ 36 2 75 50 - + 660 40 40 0-50 26 50 
11 3 86 2 100 90 - + 450 15 446 094 52 1:30 
86 14100 85 130 + 1240 400 880 118 146 6786 078 
1 1 „ 5», 36 2 0 - = + 540 580 500 140 - 80 
14 5 2 86 2 95 - 110 0 620 -820 188 160 - 10 
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to six days beforehand. As might be expected from the conclusions 
arrived at in the last section, the results do not serve either to confirm 
or to confute the conclusions arrived at previously by Knowlton and 
Starling and by MacLean and Smedley. It is remarkable however 


that there is no marked difference between these results taken as a 


whole and those obtained on normal dogs. It is true that in most 
cases the consumption of sugar in the lungs might account for the 
whole of the sugar used, but in one or two experiments there is a 
certain excess of sugar consumption over that which might have taken 
place in the lungs. In evaluating these results it is necessary to 


take into account the fact to which Oruickshanko in a recent 


paper has drawn attention, namely, that the diabetic heart contains 
considerably more glycogen than the heart of normal animals. The 
results obtained by Cruickshank are given in the final columns of 
the table. 

Although in the diabetic heart, as in the normal heart, we 
unable by the method of comparative blood analysis to arrive at as 


definite decision as to the consumption of sugar by the heart muscle, 


we can use the method of over-stimulation already described (p. 142) 
to determine whether under any circumstances the diabetic heart can 
utilise sugar. 

The following table gives the results of experiments in which 
the diabetic heart was continually stimulated for two to four hours by 
_adrenalin, either with or without the continual addition of sugar to the 

— blood. 


Tau VI. Diab hart lng preparation simulated by adrenalin, 


Sugar 


i} 
dat 


— 

1 DisbeticSdays 86 2 96 900+ + 148 
95 


(meat & pancreas) ee 
2 Diabetic 2 days 36 4 
meat) : 
3 Diabetie 6 days 36 3 100 200 + 54 — 539 8 02 2 grms. 
| 0,000 


In the third experiment the sugar consumption was largely increased, 
the sugar content of the circulating blood being very much diminished in 
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spite of the continual addition of sugar. Moreover in the prolonged 


: experiments the glycogen of the heart muscle was reduced to a 


minimum. We are therefore certain that in these cases the diabetic _ 
heart has used up not only the sugar of the circulating blood plus that 
added to it but also the increased amount of glycogen previously stored 
in its substance. The increased utilisation of sugar cannot be ascribed 
to the lungs. In four experiments adrenalin was added to the blood 
perfused through the isolated lung, and in each case the sugar con- 
sumption was little if at all above that observed in normal lungs. 12 
results obtained are given in the agent table. 


TABLE VII. Isolated ‘Sin treated with adrenalin. 


Amount 
hour 
1 Diabetic 8 days + 515 386 77 2°36 
| (2 hrs.) 
: Same experiment 292 77 2°40 
(1} hrs.) 
7 5 Diabetic 5 days + 467 400 80 54 1°50 
| (2 hrs.) 
3 Normal + 302 235 118 62 1-90 
(2 hrs.) 
4 Normal + 290 140 163 128 181 
2 hrs.) 


The repetition under more exact conditions of the experiments 
previously carried out in this laboratory by Knowlton and Starling 
have thus failed to confirm the conclusions then arrived at. In fact 
we have definite evidence now that the lungs of a diabetic animal 
use as much sugar as those of a normal animal, and that while there 


is no marked difference between normal and diabetic hearts in the fate 


of the sugar added to the blood circulating through a heart lung 
preparation, the diabetic heart, just as the normal heart, can be made 
to consume sugar at an increased rate under the effects of stimulation 
by adrenalin. Under these conditions not only does the heart use the 
sugar of the blood but it may also completely consume the glycogen 


stored up in its substance. The conclusions drawn previously as 


to the beneficial effects of extracts of pancreas on the diabetic heart 
must also be abandoned, or at any rate are susceptible of another 
explanation. Attention was drawn to the fact that the addition of 
pancreatic extract to the blood caused a quickening of the beat 
of the diabetic heart and at the same time increased the consumption 
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of sugar in the heart lung preparation. Later experiments have shown 
that the accelerating effect of pancreatic extract is not peculiar to the 
diabetic heart but is also to be observed on normal hearts. Quickening 
of the heart by means of adrenalin increases the rate of consumption 
of sugar, and any increased consumption observed therefore under the 
influence of pancreatic extract may justifiably be attributed to the 
increased metabolism of the heart consequent on the acceleration of its 
rate. We have therefore not troubled to carry out many experiments 
on the influence of pancreatic extract. The following experiment 
represents one in which pancreatic extract was added. The consump- 
tion of sugar was rather greater than that observed in most of the other 
experiments on diabetic hearts but in view of the acceleration caused 
by the extract the difference is probably devoid of significance. | 


TABLE VIII. Diabetic heart lung preparation stimulated by 
of 
‘Sugar Glycogen 


5, 1 


(levulose) 


No. 


The Consumption of Sugar in other Tissues of the Body. Macleod 
and Pearceae) have recently drawn attention to the fact that the rate 
of disappearance of sugar from the blood circulating through an animal 
after cutting the liver out of the circulation is the same in diabetic 
animals as in normal animals. Similar experiments were performed by 
us at the beginning of our work. Although the conditions are too 
complex to allow of satisfactory analysis, the results, so far as they go, 
agree with those obtained by MacLeod and Pearce and tend therefore 
to confirm their conclusions, as well as those drawn by us from the 


experiments on the heart lung preparation. The experiments were as . 


4 
4 
12 
: 
| 
* a 
* 
** 
5 
6 
am 7 
fk 
— 
4 
AB 
7 
| 
ay 
d 
2 
‘a 
Vas 
wy 
Re 
aS 
7 
j 
* 
a 
42 
2 
& 
* 
2 
4 
2 4 
i 
* 4 
— 
‘ 
* > 


HART LUNG PREPARATION. 1147 


TaBLE IX. Euperiments on eviscerated animals. 


1. Eviscerated, liver and kidneys ligated off ; adrenals intact; urethane intravenously. 
Blood sugar at outset (Rona-Michaelis & Bertrand) 48 % 


5 after 2 hrs. ” ” 9 81 
2. Eviscerated, liver and kidneys ligated of; adrenals intact ; . d. E. mixture. 
Blood before evisceration "25 % 
„ after ” 23 
8 „ 2 hrs. after evisceration 04 
3. Depanereatised 5 days; eviscerated; adrenals intact; a.c.x. mixture. 
Blood before evisceration 355 0% 
after "325 
„ 2 hrs, after evisceration 095 


The question arises what significance we are to attach to the results 
obtained by MacLean and Smedley. It is possible that here, as in 
our experiments, the glycogen of the heart muscle may be a disturbing 
factor. Cruickshank has shown that glycogenolysis goes on in the 
heart after death as rapidly in the diabetic as in the normal animal. 
It is possible therefore that in the heart perfused with Ringer's fluid 
a slow glycogenolysis proceeds in the course of the experiment. Special 
experiments have shown that sugar produced in this way does not diffuse 
out into the perfusing fluid; but it may nevertheless be utilised by the 
5 muscle cells within which it is produced, so that the actual consumption 
3 ol sugar deduced from the loss of this substance in the circulating fluid 
. would not take into account the sugar derived from the glycogen and 

would therefore be inferior to the actual consumption of sugar by the 
beating heart. The apparent consumption of sugar in normal and diabetic 
hearts in MacLean and Smedley’s experiments may therefore be 
: occasioned by the great excess of glycogen in the diabetic hearts and 
* by the fact that the sugar derived from this glycogen met the needs of 
4 the heart and so masked altogether the consumption of sugar by the 
heart muscle as judged by analysis of the perfusing fluid. As we have 
said we are inclined as a result of our work to abandon the view that 
the essential or at any rate, the primary factor in diabetes is the absence 

of power on the part of the tissues to consume sugar. 
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ON THE REAL NATURE OF THE SO-CALLED 
ARTIFICIAL GLOBULIN. BT HUBERT WILLIAM 
BYWATERS anp DOUGLAS GEORGE CLUTSAM 

TASKER. | 


(From the Physiological Laboratory the of Bristol.) 


A NUMBER of observations have been made during the last few years 
which tend to show that albumins can be converted into globulins. 
Starke studied the action of heat on diluted egg white and concluded 
that all the albumin could thereby be transformed into ovoglobulin. 

A similar change occurred, according to Moll, when the serum of the 

rabbit or of the horse was incubated at 55°C., the transformation being 

dependent on the presence of free hydroxyl i ions. The various proteins 
were identified by their solubilities in water and salt solutions, their 
elementary composition, and particularly by their sulphur content. 

Moll found that the percentage of sulphur in the body formed artificially 

from albumin was much less than that in serum albumin, whilst it 

approximated roughly to that in natural serum globulin. 
A conversion of albumin into globulin has been recorded by Sikes 
as occurring in albuminous urine on standing, and the alteration in the 
composition of blood serum following the administration of antipyrine 
has also been ascribed by Cervello and by Breinl to a similar cause. 
_  Morawitz has invoked the aid of the same hypothesis to account 
. for the primary appearance of serum albumin during the re- formation 
* of the blood proteins after hemorrhage, whilst the observations of 
* Wiener on the composition of arterial and venous blood have led him 
to suggest that this change from serum albumin to serum nn is 

effected by the agency of the tissue cells. 

Quite recently, Kammerer and Aubry have confirmed Moll’s 
original observations. They state that on warming serum for half an 
hour, the precipitation zones of the proteins are altered, te. the 
albumin is converted into globulin. 

These views are opposed to those of Abderhalden and Ham- 
marsten who contend that the proteins of the body have a specific 
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structure and that no direct change of one into the other takes place. 
A consideration of the analyses which have been made of serum 
albumin and serum globulin makes it clear that the transformation of 
the one into the other can only be brought about by radical changes 
resulting in, firstly, the appearance of glycocoll and of carbohydrate 
groups, secondly, a diminution in sulphur-containing radicles, and 


thirdly, the introduction of phosphorus from some unknown source. 


Gibson has already shown by the application of Hausmann’s process 
that the distribution of nitrogen in the natural and artificial products 
does not support the view in favour of their identity, and in the 
following pages we give some direct evidence on the matter, based on 


the determination of the content of carbohydrate, Mex and 


sulphur in the protein substances under consideration. 


_ Preparation and analysis of serum albumin, serum globulin — 
and the artificial globulin. 

Serum albumin. Horse blood was procured, which had been 
prevented from clotting by the addition of 1% sodium citrate. The 
plasma was obtained free from corpuscles either by centrifugalising or 
by allowing it to stand over night until the corpuscles had subsided. 
The plasma was then siphoned off. Six to seven litres at a time were 
thus treated. The serum globulin and fibrinogen were removed by adding 
an equal bulk of saturated ammonium sulphate solution and filtering. 
From the filtrate the serum albumin was crystallised out by Giirber’s 
method; that is, by adding saturated ammonium sulphate solution till 
a slight turbidity is produced, re-dissolving this in the least possible 
amount of water and then adding 10°/, sulphuric acid till distinctly 
turbid and allowing to stand. After 12-24 hours the crystals were 
filtered off on a Buchner funnel. The crystals were re-dissolved in water 
aud ammonium sulphate again added till a slight turbidity appeared 
and then acid added as before. The serum albumin thus re-crystallised 
was dissolved in water, placed in sausage skins of vegetable parchment 
and dialysed against running tap water for two days, followed by two 
days against running distilled water. The albumin solution remaining 
in the dialyser was then filtered, diluted with water and dilute acetic 
acid added until the re-action was just acid to litmus. It was then 


coagulated by boiling and the coagulated albumin filtered on a Buchner 


filter and washed with boiling water until the filtrate did not give the 
slightest turbidity with barium chloride solution. This washing 
Boiling alcohol was next 
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and then, after drying and powdering, it was extracted with ether for 
24 hours. The product after powdering was then submitted to analysis. 

The sulphur content of the serum albumin was determined by 
Wolf and Osterberg's modification of Benedict's method as this 
admits, at the same time, of testing for phosphorus in the filtrate from 
barium sulphate. In no case, however, was any phosphorus precipitate 
detected. The carbohydrate was estimated by Pavy's potash method 
in which the protein is hydrolysed with 10% KOH for half an hour 
and poured into ten volumes of alcohol. The precipitated carbohydrate 
is dissolved and hydrolysed with 5°/, hydrochloric acid for 90 minutes, 
neutralised, boiled with alumina, made up to a definite volume and 
filtered through a dry filter. The glucose in the filtrate is determined 
by Pavy’s solution. 
1. 18612 g. serum albumin gave 0-2048 g. BaSO,. 

2. 15408 g. „ „ 6. „ 


3. 18921 g. 0-2747 g. „ 

4. 1•640 3. „ 02516 g. „ 

5. 72160 g. in 0°0156 g. Dextrose. 

6 8 8200 g- ay ” 0°0243 
Composition of serum albumin. 

Sulphur % Carbohydrate % Phosphorus % 
2-05 0 0 
1-96 0-28 0 
1-99 — 

Mean 2°04 0°25 0 


The results obtained by other observers with reference to the 
sulphur content of serum albumin are as follows: 

Michel 190% Hammarsten and K. Starke 184%, L. Moll 
193% to 261 %, It may therefore be concluded that the sulphur 
content of serum albumin (horse) is about 2%. The value 261% 
given by Moll is exceptionally high and unconfirmed by other workers. 

The amount of carbohydrate present in serum albumin has been 
found to average 0°25 °/,. This amount may be taken as the maximum 
amount present in serum albumin only twice crystallised, since the 
results of Abderhalden, Bergell and Dérpinghaus seem to show 
conclusively that even this small amount is due to impurity. The last 
mentioned observers have prepared a serum albumin which did not 
respond to Molisch’s very delicate reaction. | 
Serum globulin. Horse blood was used which had been allowed to 
clot. After 24 hours the clear serum was taken and ammonium 
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sulphate added to half saturation, The globulin was filtered off, 
dissolved in water and re-precipitated with ammonium sulphate. This 
process was repeated three times. The solution in water was then 
acidified with dilute acetic acid, heated to boiling, and the coagulated 
globulin washed with boiling water till free from sulphates. In one 
case the washing was continued for 14 days; in others for at least five 
aii After treatment with hot alcohol, powdering and drying, it was 
extracted with ether for 24 hours, and again dried in a desiccator over 
sulphuric acid. 
The sulphur and carbohydrate in the product were estimated in the 
same manner as has been described in the case of serum albumin. 


The presence of phosphorus in serum globulin was first noticed by 


Hardy. This has been confirmed by fusing serum globulin. with 
fusion mixture, dissolving, and testing filtered solution with ammonium 
molybdate. A slight yellow precipitate showed the ——* of phos- 
phorus. | 


1. 1°8182 g. serum globulin gave 0.1094 g. Ba80,. 
2. 1.4490 g. 0-1024g. ., 
8. 20182 g. O1708 „ 
4. 5-200 g. „ „ g. Dextrose. 
5. g. 55 901110 8. „ 
6. 2•407 g. 0˙•0599 g. „ 
Composition fs serum globulin. 
Sulphur %/, Carbohydrate %/, 
1 1°14 — 
2. 1-20 a | 
5. 
6. 
Mean 1:17 8°28 


According to Hammarsten the average sulphur content. of 8 : 
globulin i is 111%. Mörner gives 102%. The results detailed above 


are in accordance with these observers, Moll’s results on the other 
hand vary greatly. He gives the sulphur content of serum globulin as 


varying from 1˙1 to 1˙5 % This has not been confirmed either in these 


results or the results of other workers. 

With regard to the amount of carbohydrate present in serum 
| globulin, Pavy finds 2°8°/,, which figure agrees well with the results 
given above. Langstein finds that there is at least 1°/,; his method, 
depending upon the preparation of the benzoyl ester, cannot, a 
be — as quantitative, but as * only minimal values. 
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Artificial globulin. Re-crystallised serum albumin was 8 as 
detailed before, dialysed till free from salts and the solution filtered. 


The percentage nitrogen was determined in 5 cc. of this solution by 


Kjeldahl’s method and then the main bulk of the serum albumin 
solution was diluted with distilled water till it contained between 2 
and 3°/, of protein. An equal bulk of N/66 sodium carbonate solution 
was added, the mixture warmed up to 60°C. and kept at that 
temperature for one hour. At the end of this time the solution was 
cooled, an equal bulk of saturated ammonium sulphate added and the 
precipitate filtered off on a Buchner filter. The residue was mixed 
with water, in which it partially dissolved giving an opalescent solution. 


To this was added an equal bulk of saturated ammonium sulphate and 


the precipitated globulin again collected and well washed with 50% 


ammonium sulphate solution. The product dissolved in water to some 
extent, but never gave a clear solution. It was heated up to boiling and 


then a few drops of 2°/, acid added, when the whole was thrown down 
in a coagulated form, which was washed on a Buchner filter with boiling 
water for four or five days till the washings were free from sulphate 
as shown by the barium chloride test. The washed product was treated 
with boiling alcohol, dried, powdered and extracted with ether for 24 


hours and after drying at 100°C. the substance was analysed. f 


The sulphur and carbohydrate were estimated as before, and the 
filtrates from the barium sulphate precipitates examined for phosphorus, 


without however, obtaining any indication, in any case, of its presence. j= | 


1. 28162 g. artificial globulin gave 0-2552 g. BaSO,. 

2. 1°7840 g. ” 0°2006g- 
8. 1°6418 g. ” 02060 g. „ 

4. 0°7438 8. ” 0-0910 „ 

5. „ „ 900100 g. Dextrose, 
6. 6°3180 g. ” 8. „ 
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nitrate, nitric acid and ammonium molybdate. No indication of the 
presence of phosphorus was, however, obtained. 

Collecting the mean values of what it will be noted are closely 
concordant figures for the percentage of sulphur and i in 
each of the three products under consideration, 


Sulphur Carbohydrate | Phosphorus 
Serum albumin 204 0°25 0 
Serum globulin 1:17 3°23 + 
Artificial globulin 1°61 021 0 


it will be at once apparent that the artificial e differs very 


essentially from serum globulin, and, in fact, has a composition still 
approximating to that of serum albumin. 

In concluding from these figures that serum albumin is not converted 
into seram globulin, it is nevertheless evident that some change does 
occur in the albumin as evidenced more especially by the increased pre- 
cipitability by ammonium sulphate. Since the so-called transformation 
occurs only in the presence of alkaline salts, the obvious inference was 
that the increase in the protein precipitable on half saturation with 
ammonium sulphate was due to a partial formation of alkali albumin. 
The following series of experiments with egg albumin was arranged 
with the object of ascertaining whether under the conditions of Moll’s 
experiments alkali albumin was formed, and, if formed, whether 


produced in quantity sufficient to account ™ the si increase in 


the globulin fraction. 


Experiments with egg white (carried out in duplicate). 
An egg white solution was prepared by taking the whites of three 


eggs, squeezing through linen three times to separate the membranes — 


then diluting with water and filtering. Of this solution a series of 
25 c.c. portions were taken and treated as follows:— — 

(1) 25 cc. were pipetted off, an equal bulk of saturated ammonium 
sulphate solution added, the globulin filtered off and well washed with 
50°/, ammonium sulphate. The filtrates and washings were acidified 


and coagulated and the coagulum brought on to a filter paper and 


washed till free from soluble nitrogenous substances. The nitrogen 
in the precipitate was then estimated by Kjeldahl’s method. The 
globulin was dissolved in water, coagulated, filtered, well washed and 
the nitrogen estimated as before. 

(2) 25 cc. of the solution were pipetted off, an equal bulk of N/66 


sodium carbonate solution added and the mixture beated to 60°C. for 
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“one hour, After this time, it was cooled, half saturated with ammonium _ 
sulphate, filtered, the albumin in the filtrate coagulated, washed, and 
its nitrogen estimated as before. The fraction precipitated by 50% 
ammonium sulphate was similarly dissolved in water, coagulated, washed 
and its nitrogen estimated by Kjeldahl’s method. 

(3) 25 cc. of the solution were pipetted off, diluted with an equal 
bulk of sodium carbonate solution and heated as before for one hour at 
60°C. After cooling, the mixture was neutralised with 2°/, acetic acid 

to throw down the alkali albumin produced, the precipitate was filtered 

off, washed with distilled water and its nitrogen estimated. The filtrate 
and washings were then half saturated with ammonium sulphate and 
the globulin filtered off. The nitrogen of the globulin and also of the 
albumin in the filtrate were then determined after coagulation in the 
manner already described. 

From the figures obtained, the protein represented was in each case 


determined by es by 6°25. 
No. 1 No, 2 Nen 
1. 25 0.0, separated by (NH.) 80, into 01s 016 
globulin and albumin albumin O51 050 O61 
2. 25 0.0. heated with N/66 Na,00; and eee 0˙40 0°37 0°39 
then separated as described albumin 0°26 027 9027 
8. 25 de. heated with N/66 Na,0O, alkalialbumin 0-22 022 022 
and neutralised before separating 0-07 000 
into globulin and albumin albumin 000 080 0:80 


From the figures it is apparent that after heating with the dilute 
sodium carbonate the increase in the globulin fraction (0°39—015= 
0˙24 g.) which is equal to the diminution in the albumin fraction 
(0˙51 —027 = 024g.) is almost exactly accounted for by the amount of 

alkali metaprotein produced (0°22 g.). 

On repeating these experiments using serum albumin ‘ined of 
ovalbumin, it was found that on the addition of dilute acid to the 
solution previously heated with the dilute sodium carbonate, a turbidity 

was in every case produced, pointing to the presence of metaprotein. 
Unfortunately, owing doubtless to the other proteins present, the 
precipitated metaprotein was in too finely divided a state to permit of ~ 
a sufficient amount being obtained for analysis; so, instead, a — 
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Alkali metaprotein. 


A dialysed solution of re-crystallised serum albumin was warmed to 


70 or 80°C. with a little caustic potash and then neutralised by 
sulphuric acid after the addition of a little ammonium sulphate. The 


precipitated alkali metaprotein was mixed with water, boiled and 


coagulated, and then as usual washed with boiling water till free from 

sulphates. After treatment with boiling alcohol, the product was —_. 

powdered and extracted with ether for 24 hours. | 

The sulphur and carbohydrate content were estimated: in 1 
manner already described. 


1. 12490 g. alkali metaprotein gave 0- 1200 g. BaSO,. 
2. 08792 g. 0-0844 


* ” g. „ 
8. 0˙8040 g. ” ” O-0780g. ,,. 
4. S612 g. 0-0144 g. Dextrose. 
5. 7˙886 8. ” ” ” 0°0118 8. „ 
Composition of alkali metaprotein. 
1°43 — 
132 — 
8. 1°82 — 
4. — 
0˙16 
Mean "1-36 | 019 


It will be observed that the action of the alkali in the preparation 
of the metaprotein from serum albumin has been confined e to 
the sulphur-containing part of the molecule. 

No indication of the presence of phosphorus in the alkali meta- 
protein could be obtained, either by means of fusion with — mixture 
or in the filtrates from barium sulphate. | 


In surveying all the evidence for the establishment of the change 
of an albumin into a globulin, two main facts will have been noticed. 
In the first place, the change has not been observed to occur in albumin 
solutions which do not contain either alkaline salts or substances of 


basic reaction. Even the experiments of Cervello and Breinl 


involving the use of antipyrine fall under this category since this 


substance is known to have marked basic properties. Secondly, the 
= evidence for the identification of the artificial — with me 
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natural globulin rests on the fact that both substances have similar 


zones of precipitation with saturated ammonium sulphate. But identity 
of this zone of precipitation with ammonium sulphate cannot alone be 


taken as the criterion of a globulin, since, as will be remembered, 
besides globulins, there are derivatives of albumin—acid and alkali. 


metaproteins which are also precipitated by half saturation with 
ammonium sulphate. Since these metaproteins are formed by the 


action of dilute acids and alkalis on all animal albumins, it is surely 


not permissible to claim that a body formed from serum or egg albumin 


‘by dilute alkali, is a natural globulin because it is precipitated by half 


saturation with ammonium sulphate. 
The experiments with egg white that have been described, in which 


the egg white, after heating with alkali, was neutralised with acetic 


acid before separating into albumin and globulin, show that a certain 
amount of alkali metaprotein has been formed (since its globulin is 
soluble in neutral salts, it would not be precipitated on neutralising). 
Moreover this amount of metaprotein corresponds with the increase 
in the globulin fraction of similarly heated but not neutralised egg 
white controls. 

Much the same effect was noticed in the case of the parallel 
experiments with serum, but as has already been remarked the 
precipitated alkali metaprotein was not obtained in sufficiently large 
colloidal aggregates to admit of filtering and weighing. These experi- 
ments, however, combined with the fact that Moll and others who 
have supported his conclusions did not neutralise their solutions 
before separating the globulin and albumin, renders it most probable | 
that the so-called artificial globulin is in reality alkali metaprotein. 

A comparison of the chemical properties of these protein substances 
fully confirms this view. Natural serum globulin has been shown in 
the foregoing results to contain at least 3% of carbohydrate, some 
phosphorus, and not more than 12% of sulphur. The artificial 
globulin has only a minute amount of carbohydrate (0°21°/,), no 
phosphorus, and not less than 1°5°/, of sulphur. With such radical 


differences in their composition, no doubt can be entertained of the 


essential dissimilarity of these two substances. On the other hand, the 
specimens of alkali metaprotein which have been prepared and 
analysed bear a close resemblance to the so-called artificial globulin. 
Like their common parent—serum albumin—they contain no phos- 
phorus and the amount of carbohydrate is practically unaltered. The 
sulphur figures too are just what might be expected. Owing to a 


‘ 
2 
= 
r 
uy 
‘ 
a 
* 
. 
4 
2 
. 
* 
* 
2 
2 
3 
4 
N 
é 
* 
q 
1 
iy 
1 
3 
a 
* 
* 4 
8 4 
2 
itt 
* 


158 H. . BYWATERS AND D. G. 0. TASKER. 


greater action of the stronger base (potash) used in the preparation, 
employed at a higher temperature, a greater cleavage of the sulphur 
has occurred. Whereas, taking mean figures, serum albumin contained 
20°/, sulphur, and the artificial globulin 1°5°/,, the alkali metaprotein 
contains only 136 /. All these proteins are however still richer in 
sulphur than serum globulin, which has about 1°17 °/, sulphur. Since 
then the artificial globulin stands intermediate between serum albumin 
and ordinary metaprotein, it must be regarded as a variety of — 
albumin and not in any sense as a globulin. 


SUMMARY. 


1. The so-called artificial globulin, serum albumin and serum globu- 
lin have been prepared and examined with reference to their sulphur, 
phosphorus and carbohydrate content. 

2. The analytical figures obtained prove that the artificial product 
is not identical with natural globulin. 
3. Experiments with egg white and blood serum have rate that 
the artificial globulin is in reality alkali metaprotein. 
4 Analyses of alkali albumin prepared from serum albumin have 
confirmed the view that a transformation of albumin into globulin does 
not take place, only alkali metaprotein being — 
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THE PROTRACTED CONTRACTION OF MUSCLE 

- CAUSED BY NICOTINE AND OTHER SUBSTANCES 
CHIEFLY IN RELATION TO THE RECTUS 

_ ABDOMINIS MUSCLE OF THE FROG. By J. N. 
LANGLEY, FRS. 
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Quetion of or indirst notion „„ 

Electrical stimulation after nicotine „ „ 


I HAVE already described in previous papers! many of the phenomena 
of the protracted (tonic) contraction caused by nicotine. Since the 
phenomena have a bearing on the questions of the specific nature of 
nerve endings, and the selective action of poisons, I have made further 
observations with the aim of determining more exactly the facts which 
have to be taken into account. 


MICROSCOPIC OBSERVATIONS OF THE TONIC CONTRACTION. 


I have shown that a low concentration of nicotine causes in nearly 
all the muscles of the frog a tonic contraction in the region of the fibres 
underlying the nerve ending, and that a much higher concentration of 
nicotine is required to cause visible contraction in the parts of the 
fibres remote from this region. The part which contracts I have spoken 


of as the neural region. The only muscle which apparently behaved in 


a different manner was the rectus abdominis. When a drop of nicotine 
1 to 2 mms, in diameter was placed on any part of the outer surface of 
the upper segments of muscle, the underlying fibres contracted, and both 


1 This Journal, xxxvi. pp. 851-857. 1907; XXII. p. 205. 1908; xxxrx. p. 247. 1009, 
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ends, in a time depending on the concentration of the nicotine, projected 
above the level of the adjoining fibres, suggesting a contraction 
throughout the fibre (op. cit. 1907, p. 351). On the other hand when 
very small drops of nicotine were applied, some- parts of the muscle 
contracted quickly and other only slowly (op. cit. p. 357). The outer 
surface of these segments of the muscle is covered with a thick 
connective tissue layer the continuation of the tendons of the oblique — 
muscles—so that the conditions are different from those in the other 
muscles in which the connective tissue covering is very thin. It is 
desirable then to determine the behaviour of the muscle when nicotine 
is applied as directly as possible to the muscle fibres. For the sake of 
brevity I shall speak in this section of the upper segments’ as the 
rectus abdominis. The two surfaces of the muscle are not equally 
accessible and we may consider the deep, or visceral, surface first. 
The visceral surface of the rectus abdominis is covered by the thin 
peritoneal membrane. Under the microscope the muscle fibres can be 
seen through the membrane, though in most places they are much 
obscured by the guanin cells, The average diameter of the fibres is 
greater on the visceral than on the skin surface. The peritoneum may 
be torn off from above downwards, but since it is attached more firmly 
at the lateral edgé of the muscle and along the median line of the body, 
and since the traction incident to tearing off the membrane readily 
causes contraction, it is best to proceed in one of the following ways :— 
(a) a cut is made in the mid line between the muscles, and one muscle 
is then cut through laterally 3 or 4 mms. from the median line, the 
xiphisternum is fixed with a pin and the peritoneum torn off; (6) both 
muscles are cut out, the epigastric vein torn away, and the peritoneum 
torn obliquely downwards and outwards from the median part of the 
muscles. In the former case, the muscle is placed on a slide without 
excess of fluid, and fluid removed from the surface by touching it lightly 
with blotting paper. In the latter case, the muscles are pinned out, so 
that their length is somewhat less than that in the body. In these 
preparations the nerves are easily seen under the microscope; they form 
a plexus the arrangement of which has been described by Mays“ Most 
ol the nerve-endings are approximately in the middle of the muscle, but 
some occur close to the tendons, their position however varies in 


1 The two or three thicker and broader segments near the pelvis have only a thin 
is easily seen in them in the body. 
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different segments and in different frogs. The effect of applying small 
drops of nicotine between, and on the nerve-endings was observed under 
the microscope with a magnification of 60 to 100 diameters. I have 
used a small camel hair brush, all the hairs of which except about half- 
a-dozen were cut short; with this a drop of 125 to 2 mms. could be 
applied. It is to be noticed that in speaking of the tonic contraction 
as observed under the microscope, I am speaking only of a contraction 
which is quick enough to be seen within a quarter of a second to 
a second of applying the nicotine’, I have not found it practicable to take 
into account slow contractions which require successive measurements 
to be appreciated, for a slow contraction may be caused by simple 
: exposure of the muscle, or by a spreading out of the nicotine. A wide 
g difference in the responsiveness of the parts of the muscle fibres which 
: contain nerve endings and of the parts remote from the nerve endings is 
easily observed. I have not determined the minimal percentage which 
causes contraction in the one case, or the maximal percentage 5 gl 
fails to do so in the other, but in a good preparation ‘0001 p.c. nicotine at 
once causes contraction when applied to a nerve ending region, and ‘2 p.c. 
does not cause visible contraction when sufficiently removed from this. 
In the unstretched preparation the surface fibres may be folded®, in such 
case the fibres touched with nicotine in the nerve ending region 
- promptly straighten throughout. It must be noticed that as the 
muscle loses moisture, it becomes much less responsive, and stronger 
nicotine must be applied to produce an obvious effect. 

I have made some observations also on the rectus abdominis of the 
toad with similar results. In this animal (as far as I have seen) 
guanin cells are absent and it is not necessary to remove the peritoneum _ 
previous to microscopic examination. The difference in responsiveness 
of the different parts of the muscle fibres can also be observed with 
a lens, if the muscle is placed obliquely so that the light is reflected 
from a small bundle of fibres throughout their length. : 

On the skin surface of the muscle, observations are less easily made. 
The membrane covering the muscle is attached to it and cannot be 
removed without tearing some of the muscle fibres and exerting 


1 In the fresh muscle, nicotine causes more or less twitching, this need not be farther 

mentioned for the purposes of this paper. 
a , 2 This may be due either to the contraction of some of the superficial fibres caused by 
" mechanical stimulation or by injury, or to a greater contraction of the deeper fibres which 
oe are kept moister. The fibres of the surface which is in contact with the slide, whether 
4 skin surface or visceral surface, shrink more than those of the exposed and blotted 
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sufficient pull on the rest to cause contraction. If the fibres are much 
dcontracted, nicotine even in the region of the nerve endings may have no 
obvious effect. In small frogs the attachment is generally less than in 
large ones The best method is to cut out a strip of the muscle as in 
method (a) described above, to cut the membrane transversely across the 


xiphisternum, and to tear it backwards from one segment of the muscle 


only. In successful preparations the results of applying small drops of 
nicotine are similar to those obtained on the visceral surface of the 
muscle, but since there is always some contraction to start with, the 
contraction caused by nicotine in the nerve ending region is less 
marked. 

As regards then the greater responsiveness of the neural than of 
the non-neural region, the rectus abdominis resembles the other muscles 
of the frog. 

In the lizard and fowl, the tonic contraction which in certain of 
the muscles follows injection of nicotine is similar to that in the frog, 
and is similarly influenced by curari. It is probable then that in 
reptiles and birds, the tonic contraction caused by a low concentration 
of nicotine is, as in the frog, confined to the neural region of the muscle 
fibres. In the mammal a similar tonic contraction has not been 
shown, but it has only been investigated by noting whether movement 
of the body or limbs occur on injection, and in the frog this method fails 
to make distinct the contraction which is easily seen by other methods. 
I think then it is probable that the occurrence of a contraction confined 
to the neural region of muscle fibres under the influence of nicotine is 
a widely spread phenomenon. 


In my previous account (op. cit. 1907, p. 350) J left undetermined 
the question of how far the neural region was more extensive than the 


region underlying the nerve ending. My further observations have been 


made on the sartorius, the sterno-cutaneous and rectus abdominis 


muscles. In these the nerve endings as shown by methylene blue 
are usually 15 to 2 mm. in length. If a fresh sartorius muscle is placed 
on a slide, deep surface uppermost and examined with a microscope 
magnifying about 75 diameters, whilst a drop of 1 p.c. nicotine is placed 
on one of the peripheral nerve branches’ the muscle substance in some 
of the fibres is seen to move towards a.central point and form a spindle, 
the adjoining fibres being thrown into folds (cp. the diagram Fig. 1). 

1 The branches towards the pelvic end of the muscle are the most favourable for 


ten nerve endings is The drop of 
just large enough to flood 2 to 8 mms. 
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Occasionally the spindle has an indistinct transverse marking as in the 
right half of the figure. The contraction is at its maximum in about 
a half a second to a second and in another second or two there is slight 
extension and the transverse marking lessens and soon disappears, The 
length of the spindle usually varies from about 75 to 1°5 mms. but it 
may be 2 mms. long, da. in some cases it is about ten times as long as the 
nerve ending, this represents of course a still longer portion of the 
uncontracted fibre. In one or two cases I have stained the nerve 
ending with methylene blue, and found it to lie over the thickest part 
of the spindle. If the muscle is blotted before applying nicotine the 
extent of the spindle is lessened. If the muscle is allowed to lose 
fluid by evaporation, there is a stage in which the spindle caused 
by nicotine is confined to the region of the nerve ending, and 
later the reaction gradually disappears. Preliminary treatment with 
methylene blue, as mentioned in my previous account, greatly reduces 


t 


0 5 10 
Fig. 1. Diagram of contraction caused by nicotine 1 p.c. in the sartorius. The transverse 
, marking sometimes seen is inserted on the right-hand side. a 


the irritability to nicotine and the spindle formed by 1 p.c. nicotine 
is little, or not at all, more extensive than the nerve ending. The 
more the muscle is stretched, the less obvious the spindle, and the 


shorter it is so far as can be determined without measurement. Similar 


results can be obtained in the sterno-cutaneous muscle. In this the 
spindles are as a rule rather shorter than in the sartorius. The 
muscle is more difficult to prepare uninjured, and though the separate 
fibres are more easily followed, the sartorius is on the whole the more 
satisfactory muscle to use. In the rectus abdominis the visceral surface 
was observed after removal of the peritoneum, a small drop of 01 or 
1 pe. nicotine being placed on a small nerve branch, care being taken 
not to flood the whole segment, the spindles varied in length but as 
a rule were longer than in the sartorius. 

The fact that in favourable circumstances the muscle fibre increases 
in diameter for some distance on either side of the nerve ending region 


cannot be taken straightway as showing that active contraction occurs 
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proceeding towards it; when a contraction was obtained the drops were either continued 
in the same direction, or were begun about 2 mms, on the opposite side of the nerve, and 
continued in the opposite direction. In the great majority of cases, on applying a series 
of drops of 1 p.c. nicotine to the sartorius or 0011 p.c. to the rectus abdominis, a 
single contraction only could be seen in a single fibre, and the appearances suggested 
that it was necessary for nicotine to touch the region under the nerve ending in order 
to obtain contraction, and that then the contraction spread over the whole region. 


Occasionally however the phenomena were different. Sometimes on applying nicotine — 


to the end of the spindle it increased in extent; and sometimes each of three or four 
drops caused a small contraction, but since successive drops canse successive contractions 
in different fibres, it seems possible that this, by lessening the degree to which the spindle 
is stretched, may allow a state of increased tension already existing to show itself as 
shortening. On these points then which are essential for understanding the action of 
nicotine, I have so far been unable to obtain conclusive evidence. oa 

On the theory of the direct action of nicotine on the muscle fibre, the outer part of the 
fibre would be affected before the inner part and in that case we should expect to see 
under the microscope a difference in the rate of movement of the outer and inner part of 
the fibre. Probably, however, observation under a high magnifying power would be 
required and this presents considerable technical difficulties. With low powers I have 
not observed any difference in the rate of movement in different parts of the transverse 
diameter of the contracting portion. Nor have I obtained satisfactory evidence as to 
whether nicotine acts on the fibrille or (as on Bottazszi’s theory) on the sarcoplasm. 


As I have said in earlier papers, drops of 1 p.c. nicotine 1 to 2 mms. 
in diameter cause at once local contraction in the non-neural region of 
the fresh blotted sartorius, and the same is the case throughout the 


CY 


1 Fig. 2. Some of the changes caused by 1 p.c. nicotine. Bee tent. 

muscle fibres when the sartorius has been dipped in 1 p.c. nicotine. 
The effect depends within certain limits upon the size of the drop, ie. 
upon the amount of nicotine, and upon the amount of moisture lost by 
the muscle. If the drop is very small, ¢g. 2-3 mms. in diameter, there 
may be no effect or only a slight contraction. The most obvious effect 
is that two or three fibres show irregular bulgings, which I have spoken 
of as crinklings (Fig. 2a) or regular oblique bulgings on one (Fig. 2 ö) 
or on both sides of the fibre. These commonly occur in the fibres just 
below those in which a flowing of the muscle substance is seen, ie. 
presumably the appearances are caused by traction, but I am not 
certain that they may not sometimes be caused by unequal contraction 
in the transverse diameter of the fibres. If the size of the drop is 
increased a contracted portion with rather abrupt énds is formed which 
has transverse markings and usually a slight moniliform outline. With 
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somewhat freer application of nicotine the transverse markings take the 
form of more or less irregular dises and these may have for a short time 
a thythmic movement to and fro. The contracted portion is spindle 
shaped, partly no doubt because the nicotine as it spreads out is diluted 
and so has less effect. The discs correspond to about 8 to 10 trans- 
verse strie, a late form of them is shown diagrammatically in Fig. 2c. 
When the muscle is stretched before applying a small drop of nicotine, 
the shortening soon lessens and the transverse marking becomes faint 
or disappears. | 
The phenomena are much the same in other muscles, but in the 
rectus abdominis the non-neural region after the muscle has been 
dipped in 01-1 p.c. nicotine appears to be less responsive, and com- 
monly a free application of nicotine is required to produce any obvious 
effect. The ‘crinkling’ is often absent, probably in consequence of the 
greater tension set up in the muscle fibres. : 
The effect then of 1 p.. nicotine in the non-neural region (and in 
the neural region after sufficient action by low concentrations) is strictly 
local, so that if the contraction caused in the neural region by low 
concentrations of nicotine is conducted the conditions of action must be 
different in the two cases. 
7 There are a number of substances which cause a contraction in 
| 4 frog’s muscle similar to that caused by 1 p.c. nicotine. I have made 
4 some observations on the action of caffeine, digitaline, potassium 
chloride, lactic acid and sodium oxalate dissolved in Ringer's fluid in 
order to determine whether they act more readily on the neural than 
14 on the non-neural region of muscle. I have not determined the relative 
7 effectiveness of these substances in causing a local contraction when a 
7 small drop is applied to the muscle but taking the percentage of the 
1 solutions as a basis of comparison, caffeine and digitaline were more 
1 effeotive than potassium chloride, and the latter considerably more 
: effective than lactic acid and sodium oxalate. Three methods were 
(1) The sternal and leg muscles were exposed in a pithed frog, 
blotted, and a row of small drops of the solution placed on the surface 
of one or other of the muscles, the effect being observed with the 
Bs ) unaided eye or with a lens. This method did not give clear results ; 
usually a solution either caused no contraction or caused a contraction 
at the ends of the muscle as well as in the middle, 
im note in the Proc. Physiol. Soc. b. xxiv, 1911 (This Journal, x11) I mentioned 
that KCl has a somewhat greater effect on the neural than on the non-neural region. 
11—2 
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6 either side of this region, since the increase in transverse diameter 


caused by a local contraction would tend to cause a tapering thickening 


of the fibre on either side of the contracted spot and the linear extent 


of this would depend upon the strength of the contraction. The 
following considerations however (amongst others) go far to show that 
the contraction is not confined to the nerve ending region. Local 
contraction can be obtained in the non-neural region by 1 p.c. nicotine 
or by caffeine which causes as great an increase in diameter as that 


occurring in the neural region in response to dilute nicotine, but the 
spindle in the non-neural region is relatively short. Dilute nicotine — 


applied to a small strip of a segment of the rectus abdominis muscle in 


the body will cause the strip to shorten about 25 pic. of its length; if it 


is applied to the whole segment, the fibres shorten 50 to 60 p.c. of their 
length ; it is difficult to believe that this degree of shortening could be 
caused by a contraction confined to about y- of each muscle fibre 
even though the contracted portions are scattered in the length of the 
muscle. But whilst I think the evidence is distinctly in favour of the 


region which contracts being more’ extensive than the nerve ending 


region, further evidence is certainly desirable. 

I may now turn to the cause of the ridge formed at each end of 
a segment of the rectus abdominis when not too small a drop of 
nicotine is placed in any part of the skin surface (op. cit. 1907, p. 351) 
—a phenomenon which at the time led me to think the contraction 


was conducted. A spreading out of the nicotine which must more or 


less occur does not account for all the phenomena If the muscle is 


dipped in 001 to 1 p.c. nicotine, or if one segment is brushed over with 


nicotine, few or no folded fibres are seen on microscopical examination. 
Near the tendons, club shaped fibres are seen which taper off near the 
middle of the muscle and which may be lost to view; a little distance 


from the tendons, spindle shaped fibres are seen, these are sometimes 
traceable to the tendons as thin fibres, sometimes the ends are lost to 


view; occasionally nearly the whole of a fibre, in the body 6 to 7 mm. 
long, forms part of the spindle; besides these there are some fibres 
which appear to be thicker than normal throughout their whole course 
though some part has a rather greater diameter than the rest. Not 
long after. mounting, the spindles become less conspicuous and the 
majority of the fibres appear to be thicker than normal throughout. 
The club shaped and the spindle shaped fibres are no doubt those 
which have their nerve endings near the tendons and remote from the 


tendon respectively, but a thickening of fibres throughout, can only be 
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due either to a contraction throughout, or to a pressure on the ends. 
I have said that in the cut out muscle a certain region of the fibres 
shows no immediate contraction. with 1 p.. nicotine and in consequence 
I am inclined to think that an increase of diameter of the ends of the 
fibres is caused by the pressure exercised by transverse partitions and 
connective tissue in the tendon region where the muscle fibres are 
contracted. Uncontracted fibres are generally thrown into folds by 
the contracted ones, thus if a strip of blotting paper about half a milli- 
metre across be dipped in ‘01 p.c. nicotine, drained and placed across 
a segment near one tendon on the visceral side of the muscle, a good 


many fibres of the opposite end are thrown into folds, on then placing 


a similar strip in the middle of the muscle, most of folded fibres 
straighten, and on covering the whole muscle with nicotine, nearly all 


the remaining folded fibres straighten, and the majority appear rather 
thicker than normal at their ends. 


The degree of disappearance of the folding depends on the rapidity with which the 
successive applications of nicotine are made. If the muscle is allowed to become partially 
dry a greater or less number of the fibres remain slightly folded, probably in consequence 
of the greater contraction of the fibres in contact with the slide. 

I refer then the increase in transverse diameter of the end of the 
muscle opposite to that on which nicotine is placed to mechanical 
causes, so far as it occurs in the first stage of the action of nicotine, — 
and not to a conduction of the contraction. The transverse diameter is 
further increased when nicotine reaches the opposite end of. the muscle 
and causes contraction in the neural region of the fibres which have their 
nerve endings near the tendon. ~— 

The extension of the spindle formed by the local contraction beyond the region of the 


nerve ending suggests two questions. (i) Does nicotine cause contraction when applied 
to any part of the region which when contracted forms the spindle? (ii) Does the con- 


traction wherever it starts spread out beyond the region which actually comes in contact 


with the nicotine? The chief difficulty in settling these questions is in limiting the drop 
of nicotine to the part touched by the brush. The only hope of so limiting it, is to blot 
the surface of the muscle before applying the nicotine, but this, as has been said, 
decreases the extent of the spindle; and though a drop does not run on a blotted muscle, 
it will almost. certainly spread some way along the fibres by capillary attraction’. More- 
over the contraction when set up inevitably brings a fresh part of the fibre in contact with 

the nicotine, and by the increase in diameter tends to drive the nicotine onwards. And 

The method used was to apply a series of small drops of nicotine on the course of 


| three or four fibres beginning sbout 2 mms. from a small transversely running nerve and 


| Some idea of the actual outepread can be formed by adding a little solid methyl 
green or -orange G. to the nicotine; is may be noted that strung of G. 
causes contraction. 
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proceeding towards it; when a contraction was obtained the drops were either continued 
in the same direction, or were begun about 2 mms, on the opposite side of the nerve, and 
continued in the opposite direction. In the great majority of cases, on applying a series 
of drops of 1 p.c. nicotine to the sartorius or 001-1 p.c. to the rectus abdominis, a 
single contraction only could be seen in a single fibre, and the appearances suggested 


that it was necessary for nicotine to touch the region under the nerve ending in order 


to obtain contraction, and that then the contraction spread over the whole region. 


Occasionally however the phenomena were different. Sometimes on applying nicotine 


to the end of the spindle it increased in extent; and sometimes each of three or four 
drops caused a small contraction, but since successive drops canse successive contractions 
in different fibres, it seems possible that this, by lessening the degree to which the spindle 
is stretched, may allow a state of increased tension already existing to show itself as 


shortening. On these points then which are essential for understanding the action of 


nicotine, I have so far been unable to obtain conclusive evidence. 

On the theory of the direct action of nicotine on the muscle fibre, the outer part of the 
fibre would be affected before the inner part and in that case we should expect to see 
under the microscope a difference in the rate of movement of the outer and inner part of 
the fibre. Probably, however, observation under a high magnifying power would be 
required and this presents considerable technical difficulties. With low powers I have 
not observed any difference in the rate of movement in different parts of the transverse 
diameter of the contracting portion. Nor have I obtained satisfactory evidence as to 
whether nicotine acts on the fibrille or (as on Bottazsi’s theory) on the sarcoplasm. 


As I have said in earlier papers, drops of 1 p.c. nicotine 1 to 2 mms. 


in diameter cause at once local contraction in the non-neural region of 
the fresh blotted sartorius, and the same is the case throughout the 


2 
Fig. 2. Some of the changes caused by 1 p.c. nicotine, See text. | 
muscle fibres when the sartorius has been dipped in ‘1 pic. nicotine. 
‘The effect depends within certain limits upon the size of the drop, i.e. 
upon the amount of nicotine, and upon the amount of moisture lost by 
the muscle, If the drop is very small, ag. 2-3 mms. in diameter, there 
may be no effect or only a slight contraction. The most obvious effect 
is that two or three fibres show irregular bulgings, which I have spoken 
of as ‘crinklings ’ (Fig. 20) or regular oblique bulgings on one (Fig. 2 ö) 
or on both sides of the fibre. These commonly occur in the fibres just 
below those in which a flowing of the muscle substance is seen, i.e. 


presumably the appearances are caused by traction, but I am not 
certain that they may not sometimes be caused by unequal contraction 


in the transverse diameter of the fibres. If the size of the drop is ; 


increased a contracted portion with rather abrupt ends is formed which 
has transverse markings and usually a slight moniliform outline. With 
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somewhat freer application of nicotine the transverse markings take the 
form of more or less irregular discs and these may have for a short time 
a rhythmic movement to and fro. The contracted portion is spindle 
shaped, partly no doubt because the nicotine as it spreads out is diluted 
and so has less effect. The discs correspond to about 8 to 10 trans- 
verse striae, a late form of them is shown diagrammatically in Fig. 2c. 
When the muscle is stretched before applying a small drop of nicotine, 
the shortening soon lessens and the transverse marking becomes faint 
or disappears. 3 
The phenomena are much the same in other muscles, but in the 
rectus abdominis the non-neural region after the muscle has been 
dipped in 01-1 p.c. nicotine appears to be less responsive, and com- 
} ~~~ monly a free application of nicotine is required to produce any obvious | 
3 effect. The ‘crinkling’ is often absent, probably in consequence of the 
a greater tension set up in the muscle fibres. | 
a The effect then of 1 p.c. nicotine in the non-neural region (and in 
the neural region after sufficient action by low concentrations) is strictly 
local, so that if the contraction caused in the neural region by low 
concentrations of nicotine is conducted the conditions of action must be 
different in the two cases. ; 
: There are a number of substances which cause a contraction in 
1 frog’s muscle similar to that caused by 1 p.c. nicotine. I bave made 
5 some observations on the action of caffeine, digitaline, potassium 


chloride’, lactic acid and sodium oxalate dissolved in Ringer's fluid in 


1 order to determine whether they act more readily on the neural than 
tf on the non-neural region of muscle. I have not determined the relative 
5 effectiveness of these substances in causing a local contraction when a 
75 small drop is applied to the muscle but taking the percentage of the 


solutions as a basis of comparison, caffeine and digitaline were more 
effective than potassium chloride, and the latter considerably more 
effective than lactic acid and sodium oxalate. Three methods were 
(1) The sternal and leg muscles were exposed in a pithed frog, 
blotted, and a row of small drops of the solution placed on the surface 
of one or other of the muscles, the effect being observed with the 
unaided eye or with a lens. This method did not give clear results ; 
usually a solution either caused no contraction or caused a contraction 
at the ends of the muscle as well as in the middle. 
i in a note in the Proc. Physiol. Soc. P. xxiv, 1911 (This Journal, 1) I mentioned 
that KCl has a somewhat greater effect on the neural than on the non-neural region. 
11—2 
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(2) The sartorius was cut out, placed on a slide, deep-surface upper- 
most, and covered with a solution of about the minimal effective 
percentage. In this case folded fibres were at times confined to the 
region containing nerve endings, but the twitchings caused by some of 
the substances often obscured observation of the tonic contraction. 

(83) The rectus abdominis muscle, the peritoneum being removed, 


was placed on a slide, visceral surface uppermost and lightly blotted. © 


The muscle was examined with a low power of the microscope and very 
small drops of the solution placed successively in a row on a small 
bundle of fibres. In this case decisive results were obtained with all 
the substances. With a certain strength of solution there was no 
immediate effect in the non-neural region, but in the neural region 


there was a sudden explosive contraction of the same character as that 


produced by nicotine. This difference in effect though at times very 
striking, was not always obtained.. The variation in result was ap- 
parently due to a variation in the degree of responsiveness of the 
neural region, for if the muscle was left on the slide for a short time, it 
was common to find that a solution either had no effect or caused a 
contraction at all points to which it was applied: when it did this, the 
contraction in the neural region might be stronger than elsewhere, or 
there might be no observable difference. The solutions used were not 
finely graded, each of the series having twice the percentage of the one 
next below it. The difference in the minimal concentrations required 
to cause contraction in the neural and non-neural regions respectively 
would be troublesome to determine, since the responsiveness of the 
neural region with this method is constantly decreasing, but it is obvious 
from the facts stated that it is trivial compared with the difference 
in the case of nicotine. In fact with these substances the difference 


between neural and non-neural region is much more one of strength 


of contraction than of threshold of stimulation. The contraction in 
the non-neural region caused by 1 p.c. caffeine, digitaline or — 
is greater than that caused by 1 nicotine. 


nerve ending is more responsive than that more remote. With sodium oxalate (5 to 
1 p.c.) and some other substances, several successive contractions can be obtained in the 
nerve ending region. With all the substances, twitching was more readily produced in 


The ſoregoing results show that the varied mene poisons 
mentioned above have, in certain muscles at any rate, a greater action 
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on the neural than ‘on the non-néural region? and it is possible that 
this holds for all muscle poisons. It is an obvious deduction that in 


the body the tone of some muscles may be chiefly a tone of the 


neural region. | 
: I have also tried the effect of extracts of various tissues and organs 
in producing the tonic contraction. The extracts were made by grinding 
up one part of the tissue with nine parts of Ringer’s fluid boiling and 
filtering. A graphic record was taken of the effect of immersing the 
rectus abdominis in the extract, or of pouring the extract repeatedly 
over the muscle. A contraction corresponding to that obtained with 
about 0001 p.c. nicotine was given by the extract of the muscular coat 
of the stomach, a slight contraction was sometimes given by the 
extracts of the spinal cord and testes, and no effect by those of striated 
muscle, liver or kidney. The same results were obtained with the crude — 
THE CONTRACTION CURVE. 


I bare in previous papers given an account of ‘the contraction 
curves of the sartorius* and of the flexor carpi radialis“. Here I shall 
deal solely with the rectus abdominis muscle. This muscle has several 
advantages for experimental purposes; it is easy to prepare, its fibres 
are parallel and it is very responsive to low concentrations of nicotine, 
The frogs used (R. temp.) were all male, they varied in weight from 
18 to 24 grams. In different individuals, the muscle naturally varies 
in length and in condition, it varies also somewhat in its responsiveness 
to nicotine. Thus only certain broad results can be obtained by 
comparing the muscles of different frogs. The two muscles of one frog 
when treated similarly give curves which as a rule closely resemble one 
another. I have in consequence always taken the two muscles for cases 
requiring close comparison or involving time relations, But occasionally 
the differences in the curves given by the two muscles when similarly 
treated are not inconsiderable, so that I have np repeated an 
observation several times. 

- Differences in the contraction curves of the two muscles are caused by leaving the 
muscles for different times in the body, by unequal exposure to air, by difference in the 

1 Since curari is not known to diminish the effect of any of these poisons, their 
greater action on the neural region is not easy to reconcile with the view I have put 
forward as to the the gation of nicotine. This, how- 
ever, need not be considered here. 


This Journal, xxxvt. p. 864. 1907. Ibid, xxxrx, p. 239, 1909. 
This Journal, XXVII. p. 165. 19086. 
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differences in the muscles themselves. 


The sternum (xiphisternum) is cut through transversely at ite yy 


junction with the coracoid bones, a short cut is made laterally through 
the muscles on each side and the sternum severed in the mid line 
longitudinally. Each piece is tied at its upper end. One of the 
ligatures is held up, and the tissue between the muscles cut through. 
The tissue on the outer edge of the muscles is then severed. The 
pelvic tendons of both are isolated, tied and cut below the knot. By 
means of loops tied in the ligatures the muscle is fixed in the muscle 
chamber (cp. This Journal, XXIII. p. 364. 1907) and to a Lucas lever, 
the writing point of which moves in a vertical line. It is essential to 
make certain that the loops cannot slip. When it was required to 
stimulate the muscle electrically, thin. copper wires were used as 
ligatures instead of silk threads, so that the current could be sent from 
end to end of the muscle. The solutions were made up in Ringer's 
fluid composed of NaCl 65 p.c., CaCl, 025 pla, KCl 02 pc. The 
muscle was left in this for five or more minutes in the muscle chamber 
before the experiment. 4 


By the method given above, the upper ligature passes through the 1st segment of the 
muscle, and this no doubt tends to cause slight variations in the contraction curves of 
the two sides. In order to avoid this, I have occasionally made the transverse cut above 
the coracoid bones instead of through the bony part of the sternum. 85 

Desoription of figures. Unless otherwise mentioned tracings of the 
right and left rectus abdominis muscles of the same frog are given, in 
order to allow of a stricter comparison than can be made between 
the muscle of different frogs. In most cases the two tracings were taken 
simultaneously with similar levers, one of the tracings has been cut out 
and pasted over the other. The magnification of the curves of con- 


traction when given in the description is the magnification of the actual 
shortening of the muscle. 


Time is marked in ten second intervals. 

The contraction curve with a light load. It is not likely that the 
rectus abdominis muscle has heavy work to perform in life. I have in 
consequence made most of my experiments with a light load viz. 


3 grams. In the following we this load was used unless otherwise 
mentioned. 


- Nicotine 00001 p.c. usually but not always causes a trifling rise at 
once’, which very slowly progresses, the maximum rise is small compared 


1 Langley. Proc, Physiol. Soc. p. Ixxxi. 1909. Op. also 
A. V. Hill. This Journal, XXII. p. 361, 1909. | 
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TONIC MUSCULAR CONTRACTION. 171 
with that attained after stronger concentrations of nicotine. Fig. 3 


shows the curves given by a pair of muscles in winter, one being kept 


at 12°C., the other at 22 C. It will be seen that though there was 
no immediate contraction in the former muscle, a trifling en 
occurred in successive ten minute periods. 


Fig. 3. x2. See text. Load 1 rm. Time in 10 secs. Interval of 2 mins. 
between the two parts of the traeing. 


With nicotine 0001 p.c. the rise though greater is also very slow, 
it usually takes about half-an-hour for the maximum height to be 
attained. With 001 p.c. the first part of the rise is much faster, but 
the maximum height is not usually attained for about five to ten 
minutes, With 01 to 1 p., the maximum height is reached com- 
paratively rapidly, the rate of rise increasing with increasing concentra- 


tion of nicotine. Most of these points are illustrated in Fig. 4, which 
shows the effect of different concentrations of nicotine during 20 minutes 
on pairs of muscles, 


It may be noted that though the maximum shortening increases 
with increasing concentration of nicotine, the increase when the load is 
light (3 grams) is small from about 00025 p.c. to 1 p.c. nicotine. 
Alfter the curve has reached its maximum height, it may remain at 
the same level, or very nearly so for } to z an hour. Such a plateau 
occurs with nicotine up to 001 pc. and generally with 01 po. 
(op. Fig. 5) With 1 pe. nicotine the fall usually begins at once 
(cp. Fig. 4). Probably then in all cases, even when the load is light, 
there is a concentration of nicotine, about ‘01—'1 p.c. with which the 
maximum height is immediately succeeded by a fall. After the fall has 
begun with any concentration of nicotine it goes on at first at an 
increasing rate and then at a decreasing rate. 

The rate and extent of the fall vary considerably in different frogs. 
This is chiefly due to the fact that the fall depends upon the ratio of 
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the load to the size and condition of the muscle. But as a rule at any 
rate a muscle loaded with 8 grams and immersed in nicotine 0001 to 
01 p.c., is not extended to the base line in a day, and, so far as my 
experiments go, not until it has nearly or quite lost its irritability. 


Fig. 4 43. Load 8 grms. in 

_ different percentage of nicotine as marked in the figure. a and b were from one frog, 

ce and d from a second, and e and f from a third. The second frog was a little larger 
than the other two, and the nicotine contraction relatively somewhat greater. The 


* 17. One muscle in nicotine the other in 
| 


of the fall i less with a load of 1 gram 
3 grams. Thus nicotine even in very low concentrations 
(probably if it causes any contraction) causes a permanent 
shortening in the muscle removed from the body. 
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With 001 to 1 p.c. nicotine: and a load of 3 grams, the fall begins 
earlier and for a time goes on faster the pees: the concentration of 


nicotine. The onset of the 
fall with 0025 and with 
‘001 p.c. nicotine is shown in 
Fig. 6. The difference in the 


rate of the earlier part of the 


fall is especially marked. be- 
tween 01 and 1 pc. An 
example is given in Fig 7; 
this is one of the few in- 
stances in which the curve 
of +1 p.. had a plateau. With 


nicotine of less percentage 
than 001 the rule holds if 


the load is lessened. Thus 
with a certain ratio of 
load to strength of con- 
traction, the fall in the 
curve begins sooner and 
for ſ a time goes on faster 
the higher the concen- 
tration of nicotine. 
After a time the rate of 
fall is reversed and it pro- 
ceeds more slowly the higher 
the concentration of nicotine 
up to 1 p., 1.2. the extent 
of the permanent short- 
ening is proportional to 
the concentration of the 
nicotine. 


With 1 p.c. nicotine, the 


fall, does not proceed un- 
interruptedly, after a variable 
time there is a secondary 


rise, the beginning of the 
rigor. rise (cp. Fig. 7). This 


Fig. 6. «2, Load 3 grins. A pait of muscles, 
the lower immersed in 001, the upper in 
0026 p.c. nicotine. ‘Six intervals of 10 mins. 
each, one of 60 and one of 75 mins. . 


Fig. 7. x2. Load 8 rms. One muscle in 01, 
the other in 1 p.c. nicotine. Four intervals 
16 hrs. 


may also occur, though it is rare, with ‘01 p.c. nicotine. | The. rigor rise 
in these circumstances rarely exceeds the original contraction in height ; 
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it gives way after a time to a fall and at this stage the electrical 
irritability of the muscle is very slight. The absence of a rise in 
the curve does not of course mean that the rigor processes are not 
going on, but only that they are not going on at a sufficient rate to 
counteract in the muscle as a whole the fall resulting from other causes. 
With 01 p.c. nicotine the beginning of rigor is often no doubt sufficient 
to cause a decrease in the rate of fall. This is indicated by the 
loss of irritability; it occasionally happens that in a pair of muscles, 
the fall is considerably slower in one than in the other; in 
such case the irritability of the former is greater than that of the 

When the muscle is immersed in 1 pe. nicotine, the maximum height 
of the curve is followed by a slightly descending plateau as in Fig. 4, or 
by an immediate fall as 
shown in Fig. 8a (load 
4 grams). The fall proceeds 
much more rapidly than with 
the lower concentrations of 
nicotine, A secondary rise 
caused by rigor may or may 
not occur, it depends no doubt 
on the rate of the destructive 
action of the strong nicotine 
on the muscle, At a certain 
stage the muscle substance 
is easily torn asunder and the 
fall so occasioned may coun- 
teract the increasing tension 
in the remaining fibres; 
this however comes more into Fig. 8. . A pair of muscles immersed in 1 p.c. 
play with heavy than with nicotine, (a) load 4 grins. (b) load 20 grms. 
light loads, As the fall Two intervals of 60 mins. each. 
proceeds the irritability of the muscle rapidly diminishes. 

_ Effect on the contraction curve of increase of load. When using 
heavy loads especial care should be taken to see that the loops tied at 
the ends of the muscle cannot slip and the muscle should be examined 
after the experiment to see that no part has been torn. | 

Progressive increase of load causes a number of changes in the 
contraction curve. These indicate a complex relation between the 
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present purpose it is not necessary to analyse these, and it will be 
sufficient to mention the main facts and a few obvious conclusions, 
(a) The rate of fall is of course increased. In Fig. 9 an example 
is given of curves obtained with a load of 15 grams, The two muscles 
of one frog were treated 
with 001 po. and 01 po. 
respectively, those of another 
frog with 1 p.c. and 1 pe. 
It will be seen that with 
001 p.c. the base line was 
attained in less than fifteen 
minutes, and that with 01 
and 1 pe. it was nearly 
attained in the same time. 
With a load of 3 grains, we 


F e ee Fig. 9. x2. Load 15 One pair of muscles 
length in survival life. immersed in -001 22 in 01 nicotine re- 
(6) The decrease in the spectively; the other in 1 and in 1 p.. Tracings 
height of the rise is slight successive. Interval of 15 mins. ; in case of 1 p.c. 
at a stage in which the ieotine also one of 1 hr. 
increase in the rate and extent of the fall is considerable. Hence the 
tension during the greater part of the fall with a light load is se 
(cf. also p. 178). 
(e) The time taken by the weaker concentrations of nicotine (on to 
about that of 001 pe) to cause the maximum rise decreases. With 
higher concentrations (001 to 1 p.c.) this time at first slightly increases 


and then slightly decreases. Thus when the rise is only a few 
. millimetres, the maximum rise is attained with each concentration of 


nicotine in approximately the same time. 
(d) When the load is such that the lift is small, the contraction 
curve is much flattened. The extent to which the summit is flat topped 


varies considerably in different muscles. The maximum rise is attained 


in about 30 to 40 seconds and this is approximately kept. up for 
12 or more minutes (Fig. 10). 

(e) The load which ean be lifted increases with increasing con- 
centration of nicotine, but there is less proportional difference between 
the effect of 01 and of 1 pe. nicotine than between that of ‘Vand't pe. 
(ef. Fig. 10) 

J) The contraction curves obtained with different percentages of 
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nicotine have the same general form after a certain increase of load. 
But with moderate loads the peak to the curve obtained with 1 p.c. 
nicotine is more developed than with lower percentages indicating 
a more rapid and transient action on the e, region. 

The steady rise of the 
curve of contraction whether 
the load is light or heavy is 
at first sight inconsistent 
with the fact that on micro- 
scopical examination of a 
stretched muscle, a partial 
relaxation is seen in a second 
or two after the application 
of a drop of nicotine (cf. 
p. 168). The explanation of 
the relaxation in the latter 
case is nodoubt that thenico- pig 19, x9. Two pairs of muscles. a. Load 20 grms., 
tine is too small in amount _ nicotine ‘01 and 1; two intervals of 15 mins. 


Load 25 grms., nicotine 1 and 1 p.c. 
: Interval of 15 mins, and in case of 1 p.c. also one 
of 75 mins. 


—— 


Curves of the isometric contraction were taken with a torsion lever ; 
the muscle was suspended 3 mms. from the axis, the writing point was 
185 mms. from the axis on the opposite side to the muscle. Observa- 
tions were made on pairs of muscles immersed in nicotine, viz. 0001 
and 001 p.c.; 001 and ‘01 pe.; 01 and 1 p.e., 1 and 1 p Examples 
of the curves are given in Fig. 11. With 1 pc. nicotine the form 
of the curve during the first minute was sometimes like that 
with 01 p.c. except that the rise was more rapid, and sometimes like 
that with 1 p.c. except that the rise was less rapid, i.e, the approxi- 
mately maximal tension was maintained for somewhat different periods. 
The general results were as follows: The rate of increase of tension and 
the maximum tension attained is proportional to the concentration of the 
nicotine, The time taken to reach the maximum tension and the time 
before the tension begins to decrease is inversely proportional to the 
concentration of the nicotine. With nicotine above 001 p.c. the decrease 
of tension goes on much more rapidly at first than later, this is especially 
the case with ‘1 p.c. nicotine, with this nearly the whole decrease occurring 
in 24 hours occurs during the first ten minutes. A secondary rise ~~ 
rise) was only observed with 1 pe. nicotine. _ 
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that in the contracted portion. 
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It is to be remembered that with about 1 po. nicotine and with 
solutions of less percentage, a considerable portion of each muscle’ fibre 
is probably uncontracted so that the tension as determined is less than 


Me stimulation change and the cataleptic state. The primary change 
caused by nicotine we may speak of as the stimulation change. This is 
accompanied by a liberation of energy, part of the energy taking the 
form of increased tension of the muscle. When a loaded muscle 
contracts in nicotine the duration of the stimulation change can hardly 
be less than the period during which shortening goes on. When the 


* 


Fig. 11. x49. Isometric contraetion with different percentages of nicotine. The scale 
: shows the movement of the lever when weighted with 5 to 30 grms. Three intervals 
ol 10 mins, and two of 1 hr. | 


muscle. ceases to shorten the continuance of a shortened state may be 
due either to a continuance of the stimulation change or to a physical 
alteration of the muscle after the stimulation change has ceased, or to 
both of these. The curves of contraction with a light load show that 
the stimulation change goes on more rapidly the higher the concentration 
of nicotine. This taken in conjunction with the fact that the relaxation 
begins earlier the higher the concentration of nicotine makes it probable 
that the higher the concentration of nicotine the sooner the stimulation 
change is over. And in that case the shortened state of the muscle caused 
by nicotine must to a greater or less extent be due to an alteration of 
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the physical state of the muscle and not to a continuance of the 
stimulation change. 

As I have pointed ont in earlier papers, the physical condition of 
the muscle is markedly altered by nicotine. The muscle passes into 
a plastic, viscous state with very imperfect elasticity. The rate of 
development of this state depends upon the concentration of the 
nicotine. If an extra load is applied to the rectus abdominis muscle 
during the early part of a nicotine contraction, whilst the stimulation 
change is still going on, the muscle is of course stretched and on 
removing the extra load, there is considerable immediate elastic return 
which is succeeded by a gradual shortening. Later, an extra load causes 
greater extension which goes on, though at a lessening rate for several 
minutes. On removing the extra load the extent of the elastic return is 
relatively slight, it decreases within certain limits the longer the load is 
allowed to stay on, and the slow shortening following it is brief. Fig. 15 


given below will serve to illustrate this the imperfect elasticity; in this 


case an extra load of 6 grams was applied for 10 minutes. It is this 
plastic viscous state which determines the catalepsy caused by nicotine 


in certain muscles. It will be convenient to speak of this state as one 


of contracture. 

Successive application of nicotine solutions of increasing concentration. 
The object of the experiments made under this heading was to determine 
whether nicotine of a given concentration after a certain period of action 
prevents any further action by nicotine of higher concentration. The 
experiments were made in several ways. | 

i. The successive solutions were applied at intervals of about three 
minutes, a continuous tracing being taken. When the muscle is 
immersed successively in 01, 1 and 1 p.c. nicotine and the load is light 
(3 grams) an immediate shortening is only produced by the first solution, 
but 1 p.c. causes a slow subsequent rise, the rise of rigor. If the load is 
increased (eg. 10 grams), the 1 p.c. nicotine, as with a light load, causes 
no immediate rise though it may to a trifling extent decrease the rate of 


fall, but 1 p.c. causes a slight! immediate rise followed by a slower rigor 


rise. Thus ‘01 pc. nicotine produces in a few minutes an approximately 
maximal change on the special mechanism in the neural region and we 
may attribute the slight immediate effect of 1 p. nicotive to an action 
on the general muscle substance. It is noticeable that an immediate 
In the experiments made the immediate rise with 1 p.c. 


| the dilute nicotine had acted longer (op. Fig. 15) but I have not compared the effect of 
short and long stay in dilute nicotine on a pair of muscles. ! 
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shortening with 1 po. nicotine does not occur if the muscle. in already 


shortened beyond a certain limit. | 

ii. The successive solutions were applied at intervals of about three 
minutes as before, but the lever was depressed to the base line before 
running in each solution. On replacing 0001 p.c. nicotine by 001 p.c., 
the rate of rise of the contraction curve at once increases, an increase 
in rate is also caused at once by ‘Ol pe. But 1 pe. does not usually 
cause a rise and the tracing is generally parallel to the base line. 
Subsequent 1 p.c. nicotine causes a slow rise without any abrupt change 
in the curve. It is unnecessary to give figures in illustration of these 


effects, since they are similar, except in detail, to those already given! 


to show the response of the flexor carpi radialis muscle in similar 


circumstances, 


Fig. 12. x2. Load 10 grms. A pair of muscles. Nicotine solutions of increasing 
percentage as marked on the tracing, added successively, at intervals of 12 mins. 
ii. In experiments conducted as in ii, the elastic return of the 
muscle is considerable, so that the muscle is shortened at the time the 
later solutions are applied. The shortening of the muscle can be 
overcome by increasing the duration of the immersion of the muscle in 
nicotine and by increasing the load. Fig. 12 is an example of the 


effect of immersing the muscle successively in nicotine solutions of 


increasing concentration at intervals of 12 minutes, the load being 
10 grams, It will be seen that 1 p.c. nicotine was the only solution 
that caused no shortening. It may be noticed also that the effect of 
‘01 p.c. nicotine is considerably reduced by the solutions previously 


1 This Journal, xxxvi. pp. 188-190. 1908. 
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iv. Another method used was to load the muscle temporarily after 
it had been left for some time in nicotine. In this case, as we have seen 
the shortening is largely got rid of. 8 5 . 
By these various methods it can be shown that the decrease of 
irritability of the neural region caused by a given solation of nicotine 
depends ‘upon its concentration and the duration of its action. As 
I have already said 1 pe. nicotine causes no contraction after the 
muscle has been in 01 pc. nicotine for a few minutes. In an 
experiment with “001 p.c. nicotine it was found that the muscle left in 
this solution for half-an-hour gave a fair contraction with 1 p.c. nicotine 


Fig. 18. „ 2. A pair of muscles. Load 8 grms. Nicotine 001 p.c. to each. After 
B mins. (the curves were identical) stop drum and add 7 grins. to load. a. After 3 hr. in 
- nicotine take off the 7 grm. load, start drum and substitute nicotine 1 for -001. 
bi. 2 hrs, in nicotine, otherwise treated as a. This part of the curve is shown in the 
figure in its proper position as regards the base line, but the first part of the 
curve is omitted In a, intervals 15’ and 21 hrs. In }, intervals 15’ and 70’. 


but that the muscle left in the solution for two hours gave a slight 
contraction only (Fig. 13). With very dilute solutions the irritability 


of the neural region is decreased, but with 0001 p.c. the decrease is 


sometimes slight. Thus one of a pair of muscles was left in 00025 p.c. 
nicotine and the other in 0001 p.c. nicotine for 15 hours. At the end 
of this time, both were temporarily loaded and then immersed in 


+ om 


4 
2 
| 
- 
* 
2 
= 
~ 
* 
2 
1 2 * 4 
2 
— 
. 
“a 
* 
a 
. 
2 
2 
— 
* 
= 
4 
* 
4 
ag 
44 
4 “al 
q 
4 
. 
3 
* 
a 
— 
2 
“az 
a 
= 
* 
te 
ty 
1 
4 i 
‘ 
£ 
2 — 
Pg 
2 * 
2 
7 * 


th, 


7 


TONIC MUSOULAR CONTRACTION. 181 

‘Ipc. nicotine, the former gave a moderate contraction and the latter 
a good contraction. | 

A 1 pe. solution of nicotine will at all stages cause a rise in 

the curve since it causes contraction in parts of the muscle not 

immediately affected by the dilute solutions. Fig. 14 shows the effect 


of 1 p.. nicotine on a muscle which had been in ‘01 p.c.foran hour. As 


I have said 1 p., nicotine kills the muscle in an hour or so. 


Fig. 14. x2, Load 10 grms. Rectus abdominis muscle in ‘01 p.c. nicotine for 62 mins., 
) then immersed in 1 p.c, nicotine. Four intervals of an hour each. 


Fig. 15. x2. Load 4 grms. Pair of muscles, nicotine -05 p. &. to each, after 2 mins. 


after 
drum stopped and load increased by 6 grms. The 6 grm. load was removed 
being on for 10 mins., nicotine run off a, and tracing begun. Nicotine ‘1 p.o. added 
to a, after 8 mins. solutions run off from each and nicotine 1 p. e. added. 
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The contraction caused by nicotine solutions above 1 po. depends on 
the concentration of the nicotine and not, or not solely, upon the relation 
of this concentration to that of the nicotine in which the muscle was 
previously immersed. This can: be shown in the following way t 
muscles are placed in weak nicotine until the stimulation change is over 
or nearly so, they are then temporarily loaded to stretch them, and 
one of them is immersed in 1 p.c. nicotine ; a few minutes later 1 p. c. 
nicotine is applied to both muscles. In Fig. 15 it will be seen that the 
contraction catised ‘by increasing the concentration 10 and 20 fold 
respectively was approximately equal. | 

In fact the contraction wich the lesser increase of concentration is rather the greater. 
The difference is no doubt within the limite of experimental error, but as it ocourred in 
all four experiments made I think the difference is not accidental. It is I think due to a 
slight injury to the general muscle substance caused by 1 p.c. nicotine; this percentage 
though it does not cause any immediate contraction in the general muscle substance 
lowers its irritability, and as we have seen in no long time causes the beginning of rigor, 
and in various conditions in which the muscle is damaged the rigor rise with 1 p.c. 


THE EFFECT ON TRE CONTRACTION CURVE OF WASHING OFF 
NICOTINE WITH RINGER’S FLUID. 


Some indication of the duration of the stimulation change has been 
obtained above, We should expect that further information on this 
point would be gained by washing away nicotine at various stages of its 
action. | 
We have seen that the shortened state of the muscle in contracture | 
continues after the stimulation change has probably long ceased. The 
continuance of the shortening might be attributed either to a more 
deep seated alteration of the contractile substance which may be 
spoken of as a chemical change, or to a more superficial alteration 
which may be spoken of as a physical change. We should expect that 
immersing the shortened muscle in an approximately normal fluid 
would in no long time do away with the change if it were a physical 
one. This consideration led me to try the effect on the con 
of washing away the nicotine with Ringer's fluid. eo 

Nicotine up to 1 p.c. The two muscles of a frog were immersed in 
a given nicotine solution. After a variable time, Ringer’s fluid was 
ubstituted for the nicotine of one or of both muscles, the fluid being 
changed three times in the firssminute. 
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‘When a nicotine solution which causes.a slowly rising curve is bie 
and Ringer’s fluid substituted during the rise, the rate of rise is checked 


2 


Fig. 16. x2. Toad 8 germs, & pair of muscles, each immersed in -00025 p. o. nicotine. 
Ringer’s fluid substituted for nicotine, a, after 2 mins., b, after 60 mins. 
intervals of § mins, and one of 26 mins. 


. 


| Fig. 17. x2. Load 8 grms, A pair of muscles. Each immersed in -00025 p.c. nicotine. 
. 4. after 8 mins. Ringer’s fluid substituted for nicotine and renewed twice. Two 
1 _ intervals of 15 mins, each. b. After 8 mins. tracing and an interval of 87 mins. 
5 i during which no tracing was taken, Ringer’s fluid substituted for nicotine as in a, 
und 20 seconds later the drum set in motion. 
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and its height is diminished. This is shown in Figs 160 and 17 4. 
The fall does not begin for five or more minutes (ep. Fig. 17 a). When 
the fall does begin it goes on rather rapidly. If Ringer's fluid is 
substituted for the dilate nicotine during the plateau or when the 
curve has begun to fall, the fall begins with less delay, but after a short 
time proceeds more slowly (cp. Figs. 165 and 176). The fall is 
considerable compared with that which occurs if the muscle is left in 
nicotine. These results show that with the weaker concentrations 
of nicotine the greater part of the shortened condition of the 
muscle during the fall as well as during the rise of the curve is 
dependent on the continued presence of nicotine. I conclade 
then that in these circumstances the stimulation change is Very 
prolonged and that this change is greatly decreased and may be stopped 
by substitution of Ringer's fluid for nicotine. | 


Fig. 18, x 2, 
a, left in nicotine, b, after 5 mins. Ringer’s fluid substituted for nicotine. Two 
intervals of 80 mins.; five of 60 mins., and one of 40 hrs. 8 


When a nicotine solution is used of a concentration sufficient to 
cause a rapidly rising curve, the effect of substituting Ringer’s fluid for 
- nicotine after. the maximum height has been reached depends on the 
concentration of the nicotine and on the time of the substitution of 
Ringer's fluid. With 01 peo. nicotine, Ringer's fluid applied early in the 
plateau causes no immediate change in the direction of the curve, but 
subsequently there is usually a slow increase in the rate of fall, though 
with a load of 3 grams the curve remains well above the base line 
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in the survival life of the muscle. Fig. 21 given below will serve to 
illustrate the increased rate of fall caused by Ringer’s fluid after the 
muscle has been in nicotine for five minutes. 5 | 
In certain circumstances, the substitution of Ringer's fluid for 
nicotine delays the fall for a time. This constantly occurs when 
the substitution takes place a few minutes after the immersion in ‘1 p.c. 
nicotine (Fig. 18). We have seen that with *1 p.. nicotine there is for 
a time a relatively rapid fall; by substituting Ringer's fluid in an early 
stage of its action, the concentration of nicotine is reduced, and the 
curve obtained is therefore changed to one of a lower concentration, i.e. 
the onset of relaxation is delayed. By using a certain load, and 


Fig. 19. x2. Load 8 grms. A pair of muscles immersed in 01 p.c. nicotine. The 


nicotine was run off from one (upper curve) after 10 mins., and Ringer’s fluid 
substituting Ringer 's fluid at a certain time, a similar though much less 


delay can be observed with lower concentrations of nicotine. Whether 


the substitution of Ringer’s fluid for nicotine quickens or retards for 
a time the rate of fall, depends on whether the curve proper to the 
concentration of nicotine first applied crosses the curve proper to the 


concentration of the nicotine as reduced by Ringer's fluid, and 


whether the substitution of Ringer's fluid takes place after or before the 


When the cle les been immersed for a somewhat longer time in 
nicotine 01 or 1 pa, the substitution of Ringer's fluid has a very 
slight effect on the rate of relaxation. Fig. 19 is an example of this ; 
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in this case the musele was left in 01 p.c. nicotine for 10 minutes 


before changing the nicotine for Ringer's fluid. It is clear that the 
contracture is not dependent upon the continued presence of 
nicotine in the surrounding fluid. How far in the action of these 
stronger solutions of nicotine the occurrence of a fall on substituting 
Ringer's fluid for nicotine can be taken as showing the continuance of 
a stimulation change is uncertain, since we do not know the cause of 


the fall which occurs when the muscle is left in nicotine: Nicotine has 


a progressive action on muscle since it shortens survival life in propor- 


tion to its concentration and it is possible that the fall in the contraction 


curve is one result of this progressive action. Thus when the contracture 
has been established, its lessening in Ringer's fluid may be due to 
a restoration to the normal state, and its lessening in nicotine to 
a continued action of nicotine. 

The experiments given in this section indicate that with low 
concentrations of nicotine, the stimulation change continues during the 
greater part of the relaxation, whilst with higher concentrations, the 
stimulation change is practically over though relaxation has hardly 
begun; but the time of cessation of the stimulation change cannot be 
accurately determined. 

The experiments also indicate that contracture is due to a chemical 
and not to a physical change. But this conclusion depends on the 
assumption that any substance causing a physical change in the 
muscle would be removed by the prolonged stay in Ringer’s fluid. 
Although this is fairly certain for certain forms of physical change, such 
as imbibition it can hardly be said to be certain for all of them. Our 
knowledge of the rate of removal of adsorbed substances from colloids 
is slight. I have shown earlier’ that muscle (and other tissues) adsorb 
an appreciable amount of nicotine, that the amount adsorbed increases 
with increasing concentration of nicotine, and that it is only slowly 
removed by Ringer’s fluid. If the removal is sufficiently slow, the facts 
given above would not be inconsistent with the supposition that 
contracture is an increase of surface tension due to adsorbed nicotine. 
The shortest way of obtaining experimental evidence on this point 
seemed to me to place the nicotinised muscle in dilute acid. The acid 
by combining with the nicotine would reduce the surface tension, and 
increase, for a time at any rate, the contracture. Accordingly a pair of 
muscles were placed in ‘01 p. c. nicotine for half-an-hour, one was then 
in fluid (which was renewed), and the in Be. 
This Journal, XIX. p. 284. 1909. 
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rr; MUSCULAR CONTRACTION. 187 
lactic acid (also renewed). This percentage of lactic acid was chosen 


since it was found not to cause contraction in a fresh muscle for 
a considerable time. The result was that the relaxation went on faster 


in the Ringer’s fluid during two hours the experiment lasted. The 
: probability then is that nicotine causes directly or indirectly a chemical 


change in the contractile molecule which involves a change in physical 
state—the state of contracture. 


{ 
Nicotine 1 pc. Since 1 pic. nicotine causes , contraction in parts of 


the muscle fibre not immediately acted on by nicotine up to 1 p, the 
effect of washing off the nicotine will be the sum of the effects of 
a decreasing concentration of nicotine on two parts of the muscle fibre 
differently acted on. The two effects can be more or less completely 
‘separated by allowing a less concentrated nicotine solution to act on the 


neural region before immersing the muscle in 1 p.c. nicotine, As more 
interest attaches to this method, I have made two pairs of experiments 
only on the effect of Ringer’s fluid when the muscle is placed straight- 
way in 1 p.c. nicotine. In these the nicotine was allowed to act for one 
minute. With a light load (3 grams) Ringer's fluid made the fall 
a trifle quickér for a few minutes, and then delayed the fall except 
during the period of temporary rigor which occurred with nicotine 
alone; the curve became much like that with ‘01 p.c. nicotine, When 
the load was, heavier (10 grams) Ringer's fluid slightly hastened the 
fall at once, and hastened it more later since it prevented the 29 
rise which occurred in the control muscle. 

We have seen that when the special mechanism in the neural region 
is put out of action by dilute solutions of nicotine (‘01 p.c. or less), 
contraction is caused by 1 pe. though not by 1 p.c. nicotine. When 
Ringer's fluid in such case is substituted for 1 p.c. nicotine, there is a fall 
in the curve, the extent of which depends on the length of time the 
muscle has been left in the nicotine. In the early stage of the action of 
1 pe. nicotine the fall is fairly rapid and considerable. In a later stage 
the fall is slow, but at any stage of the rigor rise, Ringer's fluid causes 
a fall? and re-immersion in nicotine causes a rise. It may be noted 
that the rise on re-immersion in nicotine is always less rapid than that 
of the first immersion. Fig. 20 illustrates some of these points. In 
most circumstances the relaxation caused by Ringer's fluid in the 
nicotine contraction of the general muscle substance. begins much more 


quickly than that which it causes in the nicotine contraction of the 
neural region. In the main at any rate this is due to the much greater 


1 For the similar effect on the sartorius muscle, et. This Journal, xxxrx. p. 243. 1909. 
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‘Tange of concentration of nicotine capable of causing contraction in the 


Fig. 20. x2. Load 8grms. Muscle in 01 p.c. nicotine for 80 mins., drum not moving. 
Effect of 1 p.c. nicotine and of substituting Ringer's fluid for the nicotine. Time 
tracing = 10 secs. ee 
above the time tracing. | 


REVERSIBILITY OF THE NICOTINE ACTION. 


The fact that the substitution of Ringer's fluid for nicotine up to 
1 pe. after the maximum height of contraction has been attained has 
but a slight effect on the contraction curve does not necessarily show 
that no change occurs in the condition of the muscle. A restoration of 
the irritability to nicotine might occur without altering to any 
considerable extent the course of the curve. In order to test this, 


muscles were left for a variable time in nicotine, Ringer's fluid 


substituted for nicotine, and after a further variable time nicotine again 
added. A summary of the experiments is given in Table I. Further 
experiments, in which the controls were of a ae nature are — 
to later (p. 191). 
It is clear from these experiments that after nicotine up to has 
has caused its maximal contraction, its power of causing another 
contraction slowly returns when the muscle is kept in Ringer's fluid. 
The return of irritability to nicotine is much slower if the first 
contraction has been caused by I p.c. than if it has been caused by 
01 p.c. (cp. Exp. 6). It is also slower with long stay in nicotine than 
with a short stay, but the prolongation of the period of recovery is 
much less than that caused by increasing the nicotine concentration. 
Thus the stimulation change which is caused by nicotine up to * 98 
and which _ to contraction, is reversible. a 
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2 
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3 Fig. 21. x2 Load 4 grms. Each muscle immersed in nicotine 01 p.c. 4. After 
: 3 mins. in the nicotine, Ringer’s fluid substitated and renewed 8 times. b. Left in 

nicotine. Four intervals of 1 hr. and one of 15 mins., during the last 5 mins., b was 
| wm Riinger’s fluid. Fluids ran off, and “1 p.c. nicotine added to each. Intervals of 1 


Load of Time ofstay Time ef p.cof2nd Contraction caused by 
Exp. in grma, in Ringer 
1 1 2 hrs. 2 hra. 1 0 q 
7 
15 4 01 2 hrs 2 hrs. 1 moderate 4 
. 4 
1 0 
: 2a 4 “01 24 hrs, 8 mins. | 4 
1 >1b 
2b 4 “01 4 hr. 2 hrs. moderate, 
3 3 4 0¹ 4 bra. 5 mins. 1 0 Be 
2 a = 
f b 4 01 5 mins. 4 hres 1 to lst 4 
contr. (see 21). 
; 4 10 01 18 mins. 86 mins. “O01 trace 4 
— 5a 10 1 10 mins. 80 mins. 1 0 3 
5b 10 01 10 mins. 30 mins. 01 slight 1 
6 4 10 1 5 mina. 1 hr, 1 trace a 
65 10 “Ol 5 mins, 1 hr, O01 good, rds of Ist 
contr. 
After removing the nicotine, the Ringer’s fluid was renewed three 4 
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It will be noticed that the recovery of the irritability to nicotine 
takes place at a stage when there is still considerable contracture and 
very nearly as much as in the muscle left in nicotine in which the loss 
of responsiveness to nicotine continues. Primd facie this implies that 
the recovery of irritability to nicotine and the disappearance of con- 
tracture are independent processes. If however (above, p. 186) the 
lessening of contracture on continued stay in nicotine were due to a 
progressive action of the alkaloid, the evidence of the a 
of the two processes would be weakened. 


ON THE QUESTION OF THE DIRECT OR INDIRECT ACTION OF NICOTINE. 


Nicotine might cause shortening of muscle either by acting directly 
on it, or by setting free substances which act on it. Since, however, 
there are no substances in muscle which have a difference in readiness 

of action on the neural and the non-neural region at all comparable to 
that of nicotine we may conclude that if the contraction caused by 
nicotine is indirect, the substances set free are either present in much 
greater quantity in the neural than in the non-neural region, or are set 
free much more readily. 

Amongst the products of muscular metabolism, the one to to which 
rigor, fatigue or contraction or all three of these, has been most commonly 
attributed is lactic acid. 

The fact that contracture continues in the alkaline nicotine until the 
muscle dies seems to me to dispose of the possibility that it is due to 
the continued presence of lactic acid. But it seemed worth while to 
make some direct experiments by the method suggested by the work of 
Fletcher and Hopkins, They showed! that lactic acid disappears 
from a fatigued muscle which is placed in Ringer's fluid, through which 
oxygen is bubbled. I have consequently compared the relaxation of 
pairs of nicotinised muscles placed in Ringer s fluid for three to five 
hours, oxygen being bubbled through the fluid of one and not of the 
other. Some indication was obtained of a slight increase of relaxation 
in the first hour, but this was not maintained and the total relaxation 
in three to five hours was much the same in the two cases, 5 

That the initiation of the primary shortening and of the rigor 
shortening is not due to setting free lactic acid is perhaps less certain, 


but it is most unlikely: that: He ions ean be nne a position 
inaccessible to HO™ ions. 


This Jounal 1907. 
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Four experiments were made in the same way as those of Table I, but bubbles of 
oxygen were passed through the Ringer’s fluid in which one of the pair of muscles was 
immersed; in Exp. 4 nitrogen was bubbled through the control. ‘ 


Time of stay Time of stay 
5 5} 3 
2 8 “01 80 5 
8 3 01 15 
4 8 0¹ 15 4 


muscles and in the controls. It was found to be slightly greater in the oxygenated 
muscles. 

Another possibility, suggested by Burridge? is that nicotine causes 
contraction by setting free potassium ions. This has for basis the 
histological observations on the distribution of potassium salts in 
muscle by Macallum and Macdonald and the known action of the 
salts in causing contraction (cp. also. above p. 167). I have tested this 
possibility in the following way :—a saline solution was prepared of the 
same composition as the Ringer’s fluid used except that KCl was 
omitted. Nicotine 01 p.c. was made with this as a diluent. One 
muscle of a pair was immersed in the nicotine for 15 to 30 mins., then 
washed with the saline solution and left in it for 3-4 hours, the fluid 
being renewed several times; it was then immersed again in nicotine 
01 pec. The other muscle—the control—was similarly treated, except 
that the saline solution used throughout contained KCl. 

It was found that the rate of relaxation was somewhat decreased in 

the absence of KCl in the saline solution’, a fact which makes it 
unlikely that the contracture is kept up by potassium ions. The second 
immersion in nicotine caused the curve to rise to the same, or to 
a slightly higher level in the case of the muscle which had been kept in 
saline solution without KCl. Since the potassium ions, if set free by 
the first immersion in nicotine, would have decreased in amount in 
consequence of diffusion into the fluid containing no potassium salts, it 
is unlikely that the primary contraction caused by nicotine is due to its 
setting free potassium ions or indeed any 2 constituent of - 
muscle. 


1 This Journal, IM. p. 872. 1911. 

ĩ 
(8 grms.) the extension was affected in the first part of the curve only. One experiment 
was made with saline solution containing no calcium chloride (load 8 grms.); in this the 
‘relaxation’ was considerably greater during the first 8 mins. and slightly greater in the 
subsequent 33 hrs. ; the response to the second immersion in nicotine was diminished. 
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From the facts given in this section combined with those in the 
section on the effect of washing off Ringer’s fluid, I conclude that the 
nicotine contracture is an altered state of the muscle which is independent 
of the continued presence either of nicotine or of any metabolic product 
of the musele. The contracture of fatigue is usually held to be due to 
the presence of lactic acid or of this with other metabolic products. 
But the later stages of fatigue are very slowly reversible and it seems 
probable that in these the contracture is in part no longer produced by 
the lactic acid present, but is an altered state of the muscle independent 
of it. Thus it may be possible to make a real distinction between 
contraction and contracture the former having as its basis a physical 
change of short or long duration depending on the continued presence 
of an ‘exciting’ substance, the latter having as its basis a chemical 
change which remains when the ‘exciting’ substance is removed. 

I formerly? expressed the view that the nicotine contracture was 
partly due to the action of metabolic products and partly to an alteration 
in the chemical nature of the contractile substance apart from such 
action. - The foregoing observations tend to show that throughout the 
nicotine action, the effect of metabolic products is a subsidiary one. 


THE EFFECT OF NICOTINE ON THE RESPONSE OF THE MUSCLE 
TO ELECTRICAL STIMULATION. 


In these observations the currents were sent through the muscle 
from end to end. The results were similar to those obtained with the 
flexor carpi radialis (op. cit. pp. 168 and 196). Nicotine 0001 p.c. 
diminishes somewhat the height of the contraction caused by single 


induction shocks; the absolute rise is smaller in proportion to the 


position of the lever above the base line. The greater the percentage 
of nicotine up to about 01 p.c., the less is the response, and stronger 
currents are required to get a response at all. Nicotine 1 p.c. has for 
a time but little more effect than 01 p.c. The response has seemed to 
me to increase slightly after the first 5 to 10 minutes, decreasing 
again as rigor sets in. Nicotine 1 p.c. causes a slow progressive decrease 
in irritability, the conductivity disappears, and the height of the rise is 
not much affected by the extent to which the lever is above the base 
line. Towards the end of the rigor rise very strong induction shocks are 
required to produce a minimal effect, but a considerable rise can be 
obtained by tetanising currents, The contraction caused by tetanising 
currents is followed by contracture, and in repetition of the stimulus there 
This Journal, WII. p. 188. 1908. | 
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TONIC MUSCULAR CONTRAOTION. 198 


is a rapid diminution of effect. When the muscle in the latter stage of 
nicotine action is slightly stretched and examined under a lens, it is 
seen that some of the muscle fibres are broken, that the contraction 
caused by induction shocks is local and polar, and that tetanising 
currents cause a slow outspread of the contraction. It is probable that 
the contraction produced by these strong currents is due to the setting 
free of electrolytes at one or other pole, and in part perhaps to 
a oF condition occurring at the surfaces of the broken fragments of 


When slowly repeated induction shocks are sent into a muscle during the rise caused 
by dilute nicotine, as -0001 p.c., the total effect is to increase the rate of rise; the same 
procedure later increases the rate of fall. The latter effect is caused by the weight of the 


lever in falling stretching the muscle, and to the elastic return being diminished. | 


SUMMARY AND REMARKS. 


“The rectus abdominis muscle of the frog resembles the other 
muscles in the wide difference which exists between the responsiveness 


to nicotine of the neural and non- neural region of the muscle fibres. 


Examined under the microscope 0001 p.c. nicotine at once causes 
contraction in the neural region, and 1 p.c. does not cause any obvious 
contraction in the non-neural region. It · is suggested that a difference 
of irritability in the two regions exists also in those muscles of higher 
vertebrates in which nicotine causes a protracted contraction. 
The contraction in the neural region gives rise to the formation of 
a spindle which has its maximum diameter under the nerve ending and 
stretches out for some distance on either side of it. 

The observations failed to show with certainty whether or no 
a low concentration of nicotine stimulates directly the parts of the 
muscle fibre on either side of the nerve ending region and whether the 


contraction in the neural region is conducted or not. 


Nicotine of a certain concentration, as 1 p.c., causes contraction in 
the non-neural region, the contraction is strictly local. 
- Microscopical examination was made of the effect on the neural and 
non-neural region of the rectus abdominis muscle of caffeine, digitaline, 
potassium chloride, lactic acid, and sodium oxalate—types of substances 


known to have a direct action on muscle. All of these were found to 


have a greater action on the neural than on the non-neural region; the 
difference of concentration required to cause contraction in the two 
regions is however small. It is suggested that in the body, the tone of 
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certain muscles may at times be chiefly or wholly in the neural region 
of the muscle fibres. 

The extract of the unstriated muscle of the stomach causes a slight 
contraction in the rectus abdominis muscle; extracts of other tissues: 
and organs tried had either no effect or not a constant one. | 

Graphio records of the contraction of the rectus abdominis ere 
of the frog give the following results. 

The rate of contraction increases with increasing concentration of 
nicotine from 00001 to 1 p.c. The maximum height of contraction is 
only slowly attained with low concentrations of nicotine (0001 to 
001 pe) if the load is light. The sooner the maximal height is 
attained with a light load the sooner after it, the fall begins, but some 
degree of contracture remains during the survival life of the muscle 
(one to two days with nicotine up to 1 p.c.). With a heavy load (15 to 
25 grams) the maximal shortening with all concentrations of nicotine is 
attained in 10 to 30 seconds. Immersion in 1 p.c. nicotine abolishes 
the irritability of the muscle in about an hour. The curves of isometric 
contractions show that the time taken to attain maximal increase of 
tension is inversely as the concentration of the nicotine. | 

The primary change produced by nicotine, which causes shortening 
of the muscle I speak of as the stimulation change, and the shortened 
state of the muscle after nicetine has acted, I speak of as contracture. 
The latter may be considered first. 

In contracture the muscle is in an altered physical state. A light 
load causes a considerable slow extension, and the elastic return on 
removing the load is very slight. This viscous state is the basis of the 
catalepsy caused on certain muscles by nicotine. When contracture is 
established, the substitution of Ringer’s fluid for nicotine has only 
a slow slight effect upon it, it remains during the survival life of the 
muscle. It is not, then, dependent upon the continued presence of 
nicotine in the fluid surrounding the muscle. Since dilute acid does 
not hasten the disappearance of contracture it may be concluded 
further that the contracture is not kept up by adsorbed nicotine. 
Evidence is given that it is not kept by the presence of metabolic 
products. Thus the contracture appears to be due to an altered 
physical state consequent on an antecedent deep seated, and probably 
chemical, change. This allows a distinction to be drawn between 
contraction and contracture, the former being a shortening depending 
on the continued presence of some chemical substance, the latter being 
a shortening. ~ 9 10 antecedent and which continues after 
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the substance causing it is removed. It is probable that the shortening 


in fatigue consists of these two components. 

With regard to the stimulation change, the following points may be 
noted. Substitution of Ringer's fluid for nicotine whilst the muscle is 
continuing to shorten, the load being light, slows and soon stops the 
shortening. When the substitution occurs during the fall produced by 
a low concentration of nicotine, a hastening of the fall is caused. It 
may be concluded that with low concentrations of nicotine the stimula- 
tion change goes on for a certain time during relaxation. It is probable 
that the stimulation change is reduced to very small proportions early 
in the fall after 01 and 1 p.c. nicotine. After a low concentration of 
nicotine has acted for a certain time, a large increase of concentration 
—it may be a hundred fold—does not cause contraction. This indicates 
that contraction is not caused by a direct action of nicotine on the 
surface tension, but by producing a chemical change which is limited 
in extent. 

Some evidence is given that the nicotine contraction is not due to 
setting free potassium ions, and on account of the alkalinity of nicotine 
it is unlikely that it is due to the formation of lactic acid. 

When a muscle after treatment with a concentration of nicotine 
which acts in the neural region only, is left in Ringer's fluid, the 
irritability to nicotine gradually returns, te. the stimulation change is 


reversible. The reversal appears to go on at a faster rate than the 
_ lessening of contracture, suggesting that the two processes are in- 


dependent, but for this, and for the doubts still existing as whether 
there is conduction in the neural region, the whole of the shortening of 
muscle—contraction and rigor—caused by nicotine might be attributed 
to a localised chemical change in the muscle substance. produced by 
nicotine acting directly upon it. On both points further investigation is 
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- FURTHER OBSERVATIONS ON THE PRODUCTION 

- OF REFLEX STEPPING BY COMBINATION OF 
REFLEX EXCITATION WITH REFLEX INHIBI- 
= Br C. 8. SHERRINGTON. 


(vn the Physiology University of Liverpool.) 


Observations on the rhythm . 92901 


Remarks on the nervous mechanism of stepping F 


IN a previous paper! an attempt was made to determine factors at work 
in the reflex act of stepping, that is to say in the stepping performed 
by a purely reflex preparation, either decerebrate or purely spinal. 
The present experiments are in contribution toward the same problem. 

_ Method. In the present experiments the mode of evoking the 
rhythmic reflex has been that recently found by T. Graham Brown’, | 
A. Forbes“, and myself‘; and the reflex preparation employed has 

consisted of an isolated pair of symmetrical extensor muscles“, ie. the 
main extensor muscle of each knee, right and _ in nnn 
mammal (cat). 


After Aeserebration under deep anmethesia (chloroform and ether) all muscles of the 
two hind-limbs were put out of action by appropriate nerve-section or by resection, except — 
the right vastocrureus and the left. At the same time all the afferent nerves of both 
limbs were severed. For the exercise of double reciprocal innervation upon the vastocrurei 
the central trunks of the severed peroneal nerves right and left were armed with electrodes. 
The electrodes were platinum points introduced through a side opening in a glass tube 
encasing the nerve, allowing the soft tissues to be replaced over the nerves and the nerves 
to be stimulated in situ. The distal part of each limb was removed about two inches 
below the patells, 


1 This Journal, xu. p. 28. 1910. 

2 Roy. Soc. Proc. B. uxxxv. p. 278. 1912. * Ibid. p. 289. 

* Ibid. B. uxxxvi. p. 258. 1918; of. also rxxxu. p. 487. 1909; and Inl. 
Physiol. vi. p. 284. 1918. e 

5 Roy. Soc. Proc. B. uxxxvi. p. 288. 1918. 
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REFLEX STEPPING. 197 


tibia, The preparation lay supine on a warm table. The lower end of each femur was 
transfixed by s steel pin drilled through it, and the pin was clamped to an immobile 
support on the table, the long axis of the femur being approximately vertical and the hip 
semi-flexed. Contraction of the vastocrareus was registered by ascent of the myograph 
lever ; relaxation of the muscle allowed the lever to descend, resistance to the pull of the 
muscle being provided by the weight of the truncated limb below the knee and by a light 
soiled spring the tension of which could be adjusted. For faradisation of the afferent 
nerves two similar induction coils were used, each fed by a couple of Daniell cells. A box 
resistance of 100,000 ohms was introduced into each nerve circuit distal to the short- 
oirouit key of the secondary coil. 3 

Prior to the experiment, at periods varying from ten days to four months, one or both 
of the vastocrurei muscles had been deafferented. The operation of deafferentation was 
performed under deep narcosis with chloroform and ether and with full precautions for 
asepsis. It was conducted as follows. The afferent nerve-fibres from vastocrureus enter 
the spinal cord through the dorsal roots of the 4th, 5th and 6th post-thoracio nerves l. 
Individual variation affects this normal average course usually only in so far that while 
the vastocrureus nerve-fibres pass mainly through the 5th root in some cases a large 
fraction of them passes via 6th root and very few via 4th root, there are other cases in 
which the number of fibres going through the 6th root is small and that through the 
4th is larger. Since the experiment in view required the use of some afferent nerve of 
the limb for stimulation, ¢.g, the peroneal (the popliteal was occasionally employed), it was 
important that the root-section should not trespass more than necessary upon the afferent 
fibres from nerves posterior to those of the vastocrurei muscles. Afferent roots posterior 
to the 6th post-thoracic were therefore carefully avoided. But the 8rd post-thoracic was 
usually severed. It was found practicable to cut the afferent roots extradurally ; this is 
least easy in the case of the 6th and 5th roots. It is advantageous not to open the dura 
mater especially where the roots are to be out on both sides, right and left. The 
severance of the 8rd, 4th, 5th and 6th afferent roots destroys the afferent fibres not only 
of the vastocrurei muscles but of the entire femoralis and obturator nerves. A useful 
guide to the roots in question is a line drawn across from the most anterior part of the 
dorsal edge of one ilium to the other. The ganglion of the 6th post-thoracic nerve lies 
usually just anterior to this level; but there is sufficient individual variation to render 
absolutely necessary in every case the actual ascertainment by postmortem examination of 
the exact segments to which the roots cut at the operation do in fact belong. At that 
examination it is important also to note the type of flexus, prefixed or postfixed, which 
the individual exhibits, and the number of ribs, i. 6. whetber thirteen or more or less. 
This verification is always necessary but there are several indications obtainable intra 
vitam which practically show whether or no the appropriate roots have been cut. These 
are: (1) the knee-jerk must be wanting completely; (2) in the process of destroying the 
other nerves at the time of final experiment no sign of reflex should be obtained when 
ligating any branches of femoralis or obturator nerves ; (3) after decerebration the decere- 
brate rigidity although present in the ankles and forelimbs, etc. should not be present at 
the knee nor implicate the adductors of the thighs. iy 


RESULTS OF DEAFFERENTATION. 


Five experiments were made with both vastocrurei deafferented. 
They showed that, when appropriate concurrent strengths of faradisa- 
tion of the paired antagonistic afferent nerves, namely the right and 

1 Sherrington. Phil. Trans. Roy. Soc. B. oo. p. 94. 1898. 
PH. XLVII. 
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the left peroneal, had been found, the deafferented muscles exhibited the 


rhythmic reflex’ at once on introducing the stimulation of the opposed 
nerve while stimulation of the other nerve was already in progress. 
Relaxation of right muscle was synchronous with contraction of left, 
and relaxation of left with contraction of right. The rate of rhythm 
varied somewhat under different combination of stimulus-strengths, but 
was usually somewhat less than two per second. Fig. 1 is taken from 
a preparation in which the deafferentation had been performed 24 days 
prior to the myograph experiment. The toneless state of the muscles 
was evidenced, as the tracing shows, by the absence of apparent 


inhibition of the left muscle, lower writing-lever, under stimulation 


of the left nerve. There being no tonic contraction at the time, there 


Fig. 1, Right and left vastocrurei deafferented 24 days prior to the experiment. 

In all the figures the upper of the two myograms is written by the right muscle, 
the lower by the left; and the upper of the two stimulus-markers refers to the right 
afferent nerve (peroneal), the lower to the left. The time line marks fifths of seconds. 
The control ares for myogram levers and signals with the recording surface stationary 
are shown. All records read from left to right. | 


is no background of contraction against which inhibitory relaxation can 
show itself. There is a brief period of hesitancy so to say, before the 


rhythmic reflex appears fully; but that appears not rarely in observa- 
tions in which the muscles are not deafferented, and is not, I think, 


attributable to their deafferented condition, But there is an appearance 


of freedom in the amplitude of the swing of the muscles in their 
; * Roy. Soc, Proc. B. XVI. p. 288. 1913. 
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rhythmic reaction that is, to one acquainted with the reaction, 
characteristic of the deafferented condition. 

In one of these preparations there occurred during the examination 
in the decerebrate condition frequent accessions of tonus, not so long 
lasting or equable as the tonus of the normal decerebrate state, and 
perhaps best described as lengthy spasms of tonus. In these accessions 
of tonus there was never at any time when tested any trace of the 
knee-jerk. In the normal, 
i. s. undeafferented, tonic state 
of the decerebrate prepara- 
tion the knee-jerk is always 
extremely well obtainable. 
These accessions of seeming 
tonus usually implicated both 
muscles, ie. left and right to- 


Kleijn phenomenon! demon- 
strating the influence of twist- 
ing the head in the supine 
animal was obtainable on the 
knees, as thus extended, very 
strikingly. As the head was 
turned the tonic contraction 
of one knee subsided and that 
of the other was increased; 
and this reflex was tonic the 
new posture persisting as long | 
as the head was kept turned; Fig. 2. Similar experiment, deafferented 21 


and the effect on the two 
muscles was reversed when the 
direction of the head-neck 


days; both muscles are at the time of 
observation showing some tonus, see 
text. 


turning was reversed. 
When the concurrent stimulation of rival nerves suited to evoke 
the rhythmic reflex was employed during these accessions of tonus, it 


evoked the rhythmic reflex quite effectively (Fig. ). The source 
ol the seeming tonus during these periods is not clear. The muscles 


themselves were certainly deafferented. 
In seven experiments ‘instead of both vastocrurei, the vastocrureus 
muscle of one side only was deafferented. In six cases the deafferented 
1 Pftiger’s Archiv, p. 472. 1913. 
13—2 
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200 C. & SHERRINGTON. 
muscle was the left one, in the other case it was the right. In all of 
these experiments it appeared that the rhythmic reflex under con- 
current continuous’ stimulation of the antagonistic afferent nerves was 
obtained more readily in the deafferented muscle than in the normal, 
ie. non-deafferented. The regularity with which this was so suggests 
that the condition of the normal non-deafferented muscle in the 
decerebrate preparation opposes some difficulty for the elicitation of 
the rhythmic stepping as produced by the concurrent stimulation of the 
rival afferent nerves. 

In the present experiments the amplitude of the swing of the 
deafferented muscle when the reaction was bilateral was almost always 
greater than that of the normal fellow muscle (Figs. 3, 4, and 5). This 
difference was often very marked indeed. The normal muscle seemed 
relatively subdued in its action. Further, unilateral rhythmic reaction 
appeared to be more easily elicited from the deafferented muscle than 
from the normal muscle. | 

It has been urged previously that the reflex tonus of skeletal 
muscles is in fact reflex posture, and that the tonic contraction of the 
muscles in the decerebrate preparation is in fact the postural reflex of 
standing’. It may therefore be that the concurrent stimulation of the 
antagonistic afferents which evokes stepping in the limb does so less 
readily when the muscle is already engaged in the postural reflex of 
standing than when, as in the deafferented muscle, that postural reflex 
is impaired or as regards the muscle in question rendered practically 
impossible. But the ordinary reflex threshold of the muscle’s reaction 
both as tested by excitatory and by inhibitory reaction did not in these 
experiments seem to be materially altered by deafferentation. 

The two sets of experiments, those with deafferentation of both of 
the symmetrical muscles and those with deafferentation of one only, 
show clearly that the existence of the proprioceptive nerves of the 
muscles themselves is not necessary for the appearance of the rhythmic 
reflex of stepping under concurrent stimulation of opposed afferent 
nerves, and indicate that for the afferent nerves of the limbs to be 

1 The term ‘continuous’ as appli and elsewhere ir ‘ di ; 
the rhythms of the step, soratch- reflex, or respiratory ventilation. It is not intended in 
the least to imply any doubt that probably all nervous discharge and reaction are ultimately 


and minutely rhythmic, in the sense established by Gotch and Burch, Buchanan, 
Piper, Garten, Keith Lucas, Buitendyk, P. Hoffmann, and others. 


This Journal, xu. p. 108. 1910, and Brain, xxx.p.18. 1910. 
* Roy. Soc. Proc. B. uxxxvt. p. 257. 1913, 


* 
+ 4 
> 
* 
4 

ag 
‘ 

> 

8 % 

1 

py 
ale 
„ 

* 
4 
i 
r 
* 
. 
* 
Al 
E= 
x 
q 
. i 
A 
— 
* f 
" 
: 

* * 

72 
* 

4 

* 
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affected secondarily by the movements of the limb is not of necessity 
an essential factor in the genesis and maintenance of reflex stepping. 


OBSERVATIONS ON THE RHYTHM. 


88 the rhythmic reflex in general as obtained by using the 
opposed stimuli, some further points which have appeared in the present 
observations may be mentioned. 

1. In one of the experiments it was seen, in two observations, that 
the rhythm was at commencement of the observation synchronous in 
the two muscles in the sense that contraction of right-limb muscle was 
nearly or quite synchronous with that of the left. As the observation 
proceeded however the relation of the rhythms of right and left muscles 
in this respect altered, and became of the usual alternate type, con- 
traction of right-limb muscle becoming synchronous with relaxation of 
the left. That is, the response began by being a ‘gallop’ and later 
lapsed into a ‘trot.’ A change of this kind, but in the reverse direc- 
tion, has been drawn attention to hy Graham Brown!’ in ‘narcosis 
progression under asphyxia. 

2. I have usually not found it possible to maintain the rhythmic 
reflex for more than about twenty or thirty steps in succession. The 


limit to the series seems set by the effective value of the two rival 


stimuli altering relatively the one to the other so that their due 
balance is not maintained longer (Figs. 4 and 5). This shift is perhaps 
owing in part to polarisation under the faradic stimulation. It seems 


however chiefly due to intrinsic alterations such as fatigue and 


successive induction, arising within the reflex ares themselves. In a 
few cases successions of more than fifty steps were obtained, and in 
Fig. 6 a series with forty-seven steps is shown. Sometimes a combina- 
tion of the two stimuli which does not at the commencement of the 
observation produce rhythmic effect does after its continuance for a few 
seconds do so, presumably because one of the stimuli has weakened 
relatively to the other (Fig. 4). 

3. The rate of stepping varied in the „ from more than 
two steps per sec. to one step in 1˙4 sec. In several observations there 
was a marked tendency for the frequence of the stepping to slacken as 
the stimulation proceeded. Sometimes the rate of stepping under a 
pair of strong stimuli has been slower than under a pair of weak stimuli 
in the same experiment. 

4. It was not ‘rarely seen that instead of the two phases of the step 

1 Roy. Soc. Proc. B. uxxxvi. p. 154, 1918. 


22 8 93 
7 
A 
4 
* 
* " 
. 
1 
2 
4 7 
5 
on 
; 
2 
. 
. 
. 
. 
. 
4 * 
* 
Z 
J 
4 
2 
4 
re > 
fe 
7 
{ 
t 
y 
2 
4 
2 
1 
wa 
— — — — 
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succeeding each other without pause between them, a brief pause 
occurred either at end of the relaxation phase or, less often, at end of the 


4. B. C, three immediately 


successive observations with unaltered strengths of faradisation. 


Fig. 8. Left vastocrurens deafferented 82 days, right normal. 


contraction phase. Figs. 1 and 9 show this slightly but it is often much 
more marked. Graham Brown! has observed pauses between the 
1 Roy. Soe. Proc. B. txxxvt. p. 140. 1918. 
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steps in his study by graphio record of the movements of the intact 
limb in the reflex stepping produced by narcosis or by mechanical stimu- 
lation (severance) of the spinal cord. 

5. The rhythmic reflex was in some experiments obtained by 
combinations of the opposed stimuli in strengths ranging over a long 


portion of the inductorium scale. Thus in one case it was obtained 


coil from primary ranged from 


R. stimulus 21 cm. — R. stimulus 12 om. 
L. stimulus em. L. stimulus om. 


Here the successful observations with the weaker stimuli were obtained 


near the beginning of the experiment and those with the strong at the 


end; the reactivity of the preparation may have lessened soinewhat 


durag the experiment. 
6. It has sometimes been very clearly seen that when two stimuli 


give the rhythmic reflex on being combined by application of one A 
when the other B has already been in operation for a second or so, it 
need not follow that the rhythmic result ensues when the procedure 
is reversed and A precedes B (Fig. 3), although very usually the 
reversed procedure does give the rhythmic result, perhaps less well. 
The three observations in Fig. 3 were taken in immediate succession 
at one minute intervals. The stimulus values were the same through- 


out, namely 1 AI- The final observation O is a control, and shows 


that in this space of time the conditions of the reacting arcs had 
altered but very little from what they had been when observation A 
was made. Yet observation B, with r stimulation following on / stimu- 
lation instead of preceding it, exhibits no trace of rhythm. How close 
may be the limits of the intensities of the stimuli required by their 
conjunction to produce and continue the rhythm is illustrated by the 


7 difference between A and C of Fig. 3 and the observation of Fig. 5. 


The last: named is from. the same experiment as the former and was 
made immediately after C, Fig. 3; the lower stimulus strength, te. 
faradisation of left peroneal nerve, remains the same in Fig. 5 as in 
Fig. 3, but the faradic stimulus for right nerve was reduced from 
20°5 cm. on the scale to 21 cm. The result is that in Fig. 5 after a few 
seconds continuance the stimulus I overpowers the stimulus r, so that 
unbroken inhibitory relaxation supervenes in L, muscle and unbroken 


excitatory contraction in R muscle, In other words there soon 
supervenes a condition impulse -discharges no longer issue 
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issues from right extensor centre. 


REMARKS ON THE NERVOUS MECHANISM OF STEPPING. 


Of suggestions as to the way in which the rhythmic reflex. of 
stepping ean be accounted for, the following may be adverted to 1 
in light of the present experiments. 

(1) A reflex process, of which the rhythmic movements of pins 
tion may be taken as prototype, might furnish the rhythmic mechanism 


of the step. A stimulus a, applied to the limb and evoking one phase 


of the step, might by the active and passive movements it provokes in 


various parts of the limb provide a secondary stimulus 8 whose reflex , 


effect was to cut short the reflex initiated by a and to excite an opposite 
reflex executing the opposite phase of the step, and in so doing it would 


cause stimulus 8 to disappear so that stimulus a could reassert its 


influence once more. Such alternation thus proceeding might produce 
the rhythmic reflex. 

The present experiments simplify the conditions for examining this 
explanation, since in them the reacting and moving parts are reduced 
to a single muscle of each limb. The results show that when the 
reflex stepping is evoked by balanced continuous faradic stimulation 
of two antagonistic afferent limb-nerves the afferent nerves of the 
limb, including those of the only limb-parts affected by the movement, 
are unnecessary in so far as the generation through them of secondary 
reflexes is concerned. The reflex under these conditions arises and 


continues when all the afferent nerves which could be involved in such 
reflexes have been severed; indeed the reflex seems then more ae | 


obtained than when they are intact. 
And T. Graham Brown! has shown that reflex stepping is still 
evoked by the method of mechanical stimulation (transection) of the 


spinal cord when the limb has been deafferented. And faradic stimu- . 


lation of the cord also gives it when the limb has been deafferented’. 
It may be recalled further that the rhythmic scratch-reflex is evocable 
in the deafferented limb by appropriate stimulation of the skin of the 
shoulder (dog, cat)’. 

The observations show therefore that these We reflexes are 
still obtainable when the limb has been deafferented; but they do not 
prove that the rhythmic reflexes are not under normal circumstances 


Soe. Proc. p. 808. 1911. * This Journal, u. p. 91. 
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regulate arising. in: the. during. thei 
progress. In the respiratory reflex the ‘self-regulating’ influence 
through the vagus is regulative of the rhythm though not essentially 
productive of it. 

(2) Another possible mode of production of the rhythmic reflex 

of steppmg is offered by ‘rebound contraction.’ A stimulus applied 
to an afferent nerve of the limb provokes in that limb contraction of 
the flexors and inhibition of the extensors. On withdrawal of this 
stimulus a post- inhibitory discharge of impulses commonly ensues from 
the extensor centres. And this is not rarely demonstrably accompanied 
by an inhibition-like subsidence of all discharge from the flexor 
centres. These two events, and probably they are simply the two 
aspects of one central change, express themselves in the musculature 
as concomitant contraction of extensors and relaxation of flexors. In 
brief, an extension reflex ensues by ‘rebound’ on cessation of the 
stimulas which evokes the flexion reflex. In other words, the flexion 
phase of the step is succeeded by an extension phase of the step due 
to rebound Further, the stimulus of flexion in the ipsilateral limb 
excites in the contralateral limb extension. Rebound contraction of 
flexors subsequent to their inhibition during an extension reflex is 
often observable, though it is not obtainable so readily*. But it is to 
de remembered that rebound extension in the ipsilateral limb tends 
to be accompanied by flexion of the contralateral. 
The rhythmic reflex of stepping might therefore be produced, 
without alternation of two stimuli one provoking the flexion phase 
the other the extension phase, simply by appropriately timed repetition 
of one stimulus provocative of flexion. It has been shown by experi- 
ment that a series of steplike movements of the limb is actually 
obtainable in this way in the decerebrate preparation’. And there at 
once ‘rises ‘to mind as a possible natural source of such a single 
repetitive stimulus, appropriate for this reflex, the rhythmic contact 
of the foot with the ground in the course of the stepping act. 

But this possibility seems negatived by several facts. (1) One 
of the best means of eliciting reflex stepping in the spinal preparation 
is to lift the animal from the ground so that the hind limbs hang 
pendent free from all contact with it. The stepping then begins and 
3 will continue for half an hour at a time. . Severance of all the 
I his Journal, x1, p. 94. 1910. 

2 Ibid, xu, p. 98. 1910. 
® Roy. Soc. Proc. B. uxxrx. p. 887. 1907; n 
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afferent nerves of all four feet leaves the reflex stepping: apparently 


unimpaired’, 

‘Further, the diphasic flexion-extension movements produced by 
simple repetition of a single brief flexion stimulus, and rendered 
diphasic by rebound, seem not really closely imitative of stepping. A 
defect in them is the relative long latency of the rebound amounting 
often to a large fraction of a second. This militates still more strongly 
against explaining by rebound the allied rhythmic reflex of the 


‘scratch,’ the ordinary rhythm of which is about twice as fast as that 


of ‘ stepping.’ 

Rebound, although it, or rather the process of successive induction 
of which it is an expression, may be a contributory factor in the 
rhythmic reflex, does not seem competent to explain of itself the 

production of the reflex step. 

(8) Another possibility is that the stimulus evoking shes 
stepping does not necessarily intermit but is continuous“, and that 
the reflex centres involved exhibit a rhythmically recurrent refractory 
phase. That a continuously applied stimulus (faradism) can evoke 
stepping is clear from the fact that mild faradisation, by a stigmatic 
electrode of the cut face of the lateral column of the spinal cord 
transected in the cervical region, calls forth stepping of the hind limbs. 
And in Graham Brown’s method of provocation of the reflex by 
severance of the cord the stimulation must be regarded as also 
continuous in nature. A difficulty in the way of attributing a recurrent 
refractory phase to the centres is that the centres whence issues the 
rhythmic discharge in the case of stepping appear to be the same as 
those which respond by continuous non-rhythmic discharge in the 
nociceptive flexion-reflex, the ordinary crossed extension reflex, in 


postural tonus, ete. And they appear also to be the same as those 


which in the scratch reflex respond at a different rate. Also, to 
suppose a rhythmically recurrent refractory phase in the reflex centre 
seems in reality little else than to redescribe in another way the 
mere fact that the reflex response is rhythmic. 

(4) A fourth possibility is to regard, on the analogy of the 
respiratory centre, the rhythm of the step-reflex as of essentially 
intrinsic origin; a natural and native rhythmic reply of the nerve-cells 
to an inner stimulus such for instance as the blood. This is a view to 
which T. Graham Brown inclines, who, so far as he has at present 


1 This Journal, xz. p. 77. 1910. 
2 See previous footnote on use of this term. 
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elaborated it, bases it chiefly upon his observations of the rhythmic 
stepping obtainable by the mechanical stimulation of the spinal cord 
by section’, and on the stepping, so to say, liberated by deep narcosis. 
It is a view that demands careful attention, but, as it seems to remove 
‘stepping from the category of reflexes except in so far as concerns 
regulation, the present argument which proceeds on the assumption that 
the forms of stepping here dealt with are reflex would be led too far 
afield by its consideration now. | 

(5) A possible explanation which can be offered of reflex stepping 
in addition to those examined above can be outlined as follows. It 
demands the presence of two separately placed peripheral stimuli — 
which may be continuous, and it invokes the intracentral facts of 
‘rebound’ and ‘fatigue.’ The two stimuli must be of opposed effect 
and, as Graham Brown has already suggested“, of closely balanced 
intensity in their action on the centre. Such stimuli would be supplied 
by approximately similar excitations applied symmetrically to the 
two limbs or to parts of them. It has been shown by experiment’ 
that two similar stimuli (faradic) applied concurrently to afferent 
nerve-trunks one in one limb the other in the other produce, in 
symmetrical limb muscles whether extensor or flexor, reflex stepping. 
Calling the right limb R and the stimulus applied to its afferent 
nerve p, and the left limb L and the stimulus applied to its nerve X, 
then the reflex effect of p when unopposed by that of X is to excite the 
flexor centres and to inhibit the extensor‘ centres of R, and to excite 
the extensor centres and to inhibit the flexor centres of I. The 
reflex effect of Xx on all these centres is exactly the reverse. To 
produce rhythm the intensities of p and X must closely balance each 
other. When thus balanced it is shown by experiment that if while 
p is already in operation X is added, the effect of p is rapidly replaced 
by that of X. Then, after the preponderance of X for a brief period, 
its effect wanes in turn and that of p again becomes ascendant, to 
be a little later again in its turn replaced by that of x A see-saw 
of effect thus proceeds. The period of alternation remains fairly 
constant in any particular observation but varies somewhat in different 


observations. 


A problem here demanding solution is the following. How does it 
come about that instead of the two antagonistic influences summing 
algebraically to a steady effect there occurs alternating dominance of 

1 Roy. Soe. Proc, R uxxxzv. p. 816. 1911. 2 Ibid. p. 819. 

o Ibid. B. uxxxvi. p. 288. 1918; Quart. Jnl. of Exp. Physiol. v1. p. 284. 1913. 
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the one and of the other? If the influences are less nearly balanced 
in intensity, there does occur algebraic summation to a one sided 
15 fairly steady compromise between the twol. In considering 

the phenomenon of rhythmic alternation the intracentral processes of 
successive induction and fatigue at once rise to mind. . Subsequent 
augmentation (A. Forbes*) and post-inhibitory rebound, and other 
phenomena which may be grouped under ‘successive induction,’ all 
indicate that in a reflex centre during inhibition there occurs an 
intrinsic change which, within limits as it proceeds renders the in- 
hibitory influence on the centre less effective and favours. the effect 
upon it of excitatory influence, Conversely, as is well known, there 
occurs in a reflex centre under excitation a process. of fatigue which 
renders excitation of that centre less effective and favours the effect 
of any inhibitory influence. These intrinsic changes, experimentally 
demonstrable, conform with the long- expressed views put forward 
by Gaskell and by Hering, and with Verworn's conception of 
‘ biotonus,’ in regard to the reactions of living cells in general. 

Returning to the particular case under consideration; the pstimulus 
having exerted for a time its excitatory effect upon a flexor centre F 
belonging to limb R, that centre is slightly fatigued—if the term 
‘fatigue’. can be suitably applied to a change so slight although in 
the direction of fatigue. The influence of p upon RF becomes therefore 
less effective than at outset; Conversely this ‘fatigued’ state of RF 
makes it more amenable to, sensitises it to, the inhibitory influence 
which X can exert upon it. And it is a condition of the experiment 
that the intensity of & shall closely balance that of . When therefore 
X is introduced on initiation of the concurrence of the two stimuli, the 
W of the centre RF swings in the direction given by N, and 

s influence dominates over that of p, and we eee 
extent inhibited. 

While this is going on in centre RF a converse proven: is at work 
in an extensor centre & of the limb R. RE has been under inhibition 
by p; and during this period of inhibition an intrinsic process has 
been rendering RF more reactive to excitation and less amenable to 
the inhibition exercised by p. Then comes the stimulus A which, 


by the conditions of the experiment, is of a strength closely balancing 


that of p. RE is thus already sensitised for the excitatory influence 
of N, and responds by passing from the dominance of p to that of x. 


1 Proc. Roy. Soc. XXX. p. 572. 1908. 
F v. p. 149. 10132. 
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And the same explanation applies in similar fashion after, for a 
second brief period, the influence of & has been in the ascendant, And 
what has been said of the action of the rival influences on RF and RE 


a 
* 
4 
* 
rg 
4 
“J 
ra 
2 
* 
— 
2 
4 
7 
. 
ny 
22 . 
2 
“a 
K* 
7 
* 
N 
hy * 
= 
in 
: 
wey 4 
Le: - 
4 
a 
4 
: 
¢ 
* 
> a 
* 
3 
>. 
; 
2 
4 
4 
% a 
7 
* 
2 o 
8 
7 
4 2 
N. 
“A * 
2 
1 
2 
* 5 
2 
EX 
8 
— 
* 
“SS 
2 * 
2 
— 
— 
\ 
— 


210 B SHERRINGTON. 


applies to their effect on LF and LE, though in these the direction of 
the influences is conversely timed. + | 
Successive induction and fatigue are processes which occur in- 
trinsically in the reflex arcs, that is in Hering’s nomenclature they are 
autonomic. The explanation here offered invokes therefore (1) two 
(at least) opposed extrinsie (allonomic) influences of closely balanced 
intensity acting on the reflex centre from without, and (2) the intrinsic 
processes of ‘successive induction’ and so-called ‘fatigue’ acting from 
within. And ‘fatigue’ and ‘successive induction may themselves well 


Fig. 5. Left vastoorureus deafferented 82 days, observation is the next succeeding one 
after O of Fig. 8. | 
be simply the converse directions of action of what is fundamentally 
a single process, Under the conditions of the experiment they produce 
a rhythmic fluctuation of the intrinsic state of the reflex centre; and 
owing to the close balance in power of the two opposed extrinsic 
influences a relatively slight alteration of the state of the reflex 
centre in favour of either one or the other is seen to turn the scale 
markedly about the balancing point. Hence the see-saw of effect. 
A point indicating the real existence, and importance for the 
rhythm, of tendencies toward rapid change in the reacting arcs—the 
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tendencies which the above explanation predicates—is the difficulty, 
found experimentally (Figs. 4 and 5), in keeping the two extrinsic 
' stimulations balanced sufficiently closely even over short periods 
And this seemed particularly the case where the muscles were 
deafferented. 

There is further to remark, that the rhythmic resultant obtained 
in these experiments is not so much a departure from observance 
of the principle of algebraic summation as a fluctuation of the 
actual value at which that summation arrives. The swing of the 


Fig. 6. Left vastocrureus deafferented 56 days. 


pendulum, so to say, does not usually carry it so far in one direction 
as the pendulum would travel were it under one extrinsic influence 
alone. The turning- point of the swing falls short of that. 

In applying this explanation to specific instances of reflex stepping 
other than the case dealt with above, where the reflex is produced 
by balanced faradism of two opposed afferent nerves, a difficulty is 
that the mode of stimulation is as a rule less precisely known. 
One instance of the reflex possesses outstanding interest because 
in it the reflex occurs under a stimulation which can be regarded 
as of more natural character. That instance is the stepping of the 

hind limbs of the spinal dog obtained on lifting the animal from the 
ground so that the hind limbs hang pendent under their own weight. 
A difficulty arises here in our not knowing what exactly constitutes 
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the stimulus which then excites the reflex. Evidence which seems 
satisfactory is forthcoming to show that in this case the stimulus, 
whatever its intimate nature, does not implicate the skin nerves of 


the limb, but acts through the deep, te. the proprioceptive, afferents — 


of the limb. And in this instance gentle support under the thigh 
of one of the pendent limbs so that the limb rests in a posture. of 
partial flexion at hip and knee usually at once arrests' the rhythmic 
reflex in both limbs. This suggests that necessary to the reflex in 
each limb in this case also is concurrence of stimuli acting on afferents 
of both limbs, right and left. That is to say, in this instance of the 
reflex as in that dealt with above there is evidence that two opposed 
reflex stimulations are concurrently at work. In the natural act it may 
well be that the stimuli do not remain equable but alternately wax and 
wane, | 

Another example of the reflex occurs where the stepping is provoked 
by unipolar faradisation of the cut face of the lateral column of the 
spinal cord transected in the cervical region“ Here it would seem 
probable that the stimulus acts on an aborally running path which 
excites stepping by exerting both excitatory and inhibitory influences 
concurrently on the same motor centres in the limb region. If these 
influences were closely balanced in intensity, as it seems likely they 


would be since the faradic stimulus evoking both of them is one and 
the same, rhythmic response would result. It may well be that the 


centripetal paths which impinging on a centre provoke from it 
rhythmic action embouche on it by twin terminals one excitatory 
the other inhibitory. This might be so both for the step reflex and 


the scratch reflex‘ With the antagonistic muscle preparation of the 


arthropod claw v. Uexküll and F. Groos“ have recently shown that 
the peripheral nerve-path, stimulation of which produces contraction of 
the adductor and relaxation of its antagonist, splits near its distal end 


into an excitatory division to one muscle and an inhibitory to the other 
muscle, Using this as a paradigm for the path-arrangement subserving 


reciprocal reflex influence on skeletal muscles of vertebrates, and for 
that purpose transferring the scheme which is peripheral in arthropods 


to the central nervous system of the vertebrate, we arrive at a fibre 
path which in vertebrates splits in the spinal cord into two terminals 
I Sherrington. Roy. Soc. Proc. B. uxxvu. p. 178. 1906, and Integrat. —- 


Nerv. Syst. p. 211. 
2 This Journal, xu, p. 100. 1910. 
Ibid. XL. p. 86. 1910; 1910. 
0. J. of Exp. Physiol. m. p. 210. 1910. Blok 
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one excitatory and one inhibitory. In the case of reciprocal reflex 
action upon an antagonistic musclé-pair the two terminals would affect 
respectively separate final common paths or motor centres. But if two 
such terminals from one fibre path impinged both of them on one and 
the same final common path or centre, they should, in light of such 
experiments as those of the present paper, be able to evoke from it 
a rhythmic action, It would seem likely that into the twin branch 
possessing inhibitory action a second neurone is intercalated; and 
there seems some suggestion of that also in the observations by 
v. Uexkiill on the arthropod claw. 


Turning to the stepping produced i in the spinal 5 by the 


mechanical stimulation of severance of the spinal cord (Graham 


Brown), the suggestion above offered for explaining the effect of 


faradisation might apply to this case also. Graham Brown! has 


already drawn attention to the significance of the fact: that the stepping 


is best marked during the period when the flexion and extension. effects 


of the stimulation are most equalised. 

As to narcosis stepping, our ignorance at present of the exact source 
of this seems to preclude dealing with it here. 

A final case which I think presents difficulty is the reflex stepping 
not unfrequently produced in the contralateral hind limb by strong skin 


: stimulation or nerve faradisation of one hind foot. There is no- doubt 


that the reflex mechanism for stepping of each limb is essentially 
independent? of, although so often combined with and markedly affected 
by, that of the fellow limb. Though bilateral stimulation of the hind | 
limbs was the form taken by the experiments on reflex stepping which 
are the basis of the present paper, no inference is intended that 
antagonistic nerve-influences if initiated from one limb only would not, 


as does bilateral stimulation, evoke the rhythmic response. That one 
and the same afferent nerve-trunk of the limb may unfold two opposite 


influences upon the same limb has been shown by experiment“. 
Usually under any particular stimulus the two actions are not closely 
balanced. If the weaker were supported by some concurrent local 
influence the stimulation of the single nerve-trunk should conceivably 
produce stepping. For the present this remains a difficult pert of the 
problem. 


2 Roy. Soc. Proc. B. uxxxtry. p. 816. 1911. 

2 Sherrington. This Journal, x. p. 101. 1910; T. Graham Brown, Roy. Soc. 
Proc. B. uxxxvt. p. 148. 1918; Beritoff, Arch. f. Physiol. p. 297. 1912. 

* Sherrington and Sowton. Roy. Soc. Proc. B. . p. 485, 1911, and ibid. — 
Lxxxry. p. 202. 1911. 
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OF ‘CONCLUSIONS. 
io Using a pair of symmetrical muscles (knee-extensors) one 
isolated i in one hind-limb, the other in the other, concurrent balanced 


faradisation of à pair of afferent nerves belonging the one to one 
limb the other to the other elicits, as well after the two muscles 


have been deafferented as when their afferent nerves remain intact, 
the reflex of stepping in the decerebrate mammal (cat), and this 


although all the remaining muscles and joints have been ne 


by resection or nerve severance. 

2. When the experiment is repeated with the difference that one 
only of the two reacting muscles has been deafferented, the stepping 
is obtained with somewhat greater — from the deafferented than 
from the normal muscle. | 
3. The paired muscles sometimes reacted by ‘gallop’ though far 
more usually by ‘trot.’ / 

4. Several suggested 8 of the nervous mechanism of 
reflex stepping are briefly reviewed. The suggestion favoured is that 


two reflex influences one excitatory the other inhibitory are concurrently 


at work in closely balanced intensity; and that in the presence of these 
the intrinsic processes of ‘fatigue’ and of ‘successive induction’ 
occurring in the nerve-centres produce an alternate ‘predominance of 
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CEREBRO-SPINAL FLUID. I. SECRETION 


OF THE FLUID. Br W. E DIXON an W. D. 
-HALLIBURTON. 


‘(From the Physiological and King's 
College, London, and the Pharmavological Laboratory, Cambridge.) 
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Summary and discussion of results 


: Tun present investigation was deren primarily with the object of 


determining the mechanism of secretion, the functions and course of the 
circulation of the cerebro-spinal fluid. We are aware that this object 
has been attained only imperfectly. _ | 

Long before Heidenhain put forward his ens view that all 
lymph may be regarded in one sense as a secretion, it was recognised 
that cerebro-spinal fluid differed considerably from ordinary lymph. 


sii Schmidt! e to have been the first to have advanced 


der Oholere. Leiprig and Miten, 1880, 148, 
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chemical evidence in favour of the view that it is a true secretion. 
Schmidt as the result of his analysis of the saline constituents of the 
fluid, stated that potassium salts are usually much more abundant than 
they are in lymph. Subsequent analyses by Yvon’, Muller“, one of the 
present authors* and others showed that Schmidt was here in error. 
The similarity of the saline constituents both as regards quality and 
quantity with the saline constituents of the blood has indeed led a recent 
writer‘ to express the view that cerebro-spinal fluid must be a product 
of simple diffusion from the blood; but a conclusion of this kind cannot 
be based on the examination of inorganic substances alone. 

‘The hypothesis that the fluid is a true secretion has gained almost 
universal ‘acceptance: Faivre® seems to have been the earliest writer 
to zuggest that the cubical cells which cover the choroid plexuses are 
the secreting cells concerned in its formation ; Luschka, to whom this 
view is generally attributed, did not advance it until two years later. 
The majority of subsequent writers (Claisse and Levy, Kingsbury, 
Findlay, Galeotti, Studnicka, Obersteiner, Cavaszani and others) 


favoured the same idea. Cappelleti“ who studied the rate of flow by a 


the fistula method of Cavazzani, showed that ether and pilocarpine 
increased the rate of flow but atropine slowed it. He, however, 


considered that * — — — be due to vaso- motor 
phenomena. 


The secretory hyphal is wiipported by histological evidence. 
Recent work of this nature has been carried out by Mott’, who 
discusses the writings of Cavazzani: and others who have preceded 
him. K. Yoshimura* and Meek“ also deal mainly with the histological 
side of the subject. We have not made any'microscopic observations 


2 Mitth, a. d. Wured. med. Klin. 1. p. 267. 

* Halliburton. This Journal, x. p. 251. 1889. iss 

4 W. Mestrezat. Bull. Soc. Chem. 1x. p. 688. 1911. later paper some 
author (J, de Physiol; et de Path. gén. xiv. p. 504, 1912) states that in his opinion 
cerebro-spinal fluid is neither a secretion nor a transudation, but like the aqueous 
humour is a product of dialysis from the blood-plasma. The same thesis is maintained 


Ann. 

7 F. W. Mott. Oliver-Sharpey Lectures. 1010. 

Ardeiten a; d. naurol. Inst. a. d. Wien Unio, p. 1. 1909. 

® J. of Comp. So so Ptis ana Girard. 
Arch. v. p. 218. 100 
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on the epithelium in question, but it will be noted later that some 

of the conclusions drawn by those who have, agree with those drawn 
by us from experimental observations. It is accepted almost universally 
that the main source of the fluid is the “choroid gland” as Mott terms 
it. Mott regards the cerebro-spinal fluid as playing the part of a lymph 
in the central nervous system; by this he means not only a nutrient fluid 
which comes into immediate contact with tissue elements, but one also 
which receives from the tissues the waste products of their metabolism. 
In a later paper we shall discuss the relationship and inter-changes 
which occur between the blood and ws dati on een one hand n the 
cerebro-spinal fluid on the other: 

: Early i in the investigation we examined one 2400 of the pituitary 
body, since Schafer and his colleagues showed that extracts of the 
posterior lobe produce diuresis when injected into a vein, It occurred 
to us that the pituitary secretion might stimulate in a similar manner 
other epithelial structures to increased secretory activity. This e 

tion has in some measure been confirmed by Ott! and by Schäfer“ who 
find that infundibulin, a term applied to the “active principle,” stimulates 
the activity of the mammary gland. It seemed possible that the 
pituitary secretion might act nearer home and stimulate the choroid 
epithelium.’ But no increase in the flow of cerebro-spinal fluid was 
obtained by injecting pituitary extract into the blood-stream of 
antesthetised dogs. This led us to investigate the effect of a series 
of substances on cerebro-spinal secretion, but our results were at first 
negative, Dr Mott, who was carrying out simultaneously investigations 
on the choroid gland, supplied us with a number of dried choroid plexuses _ 
removed from the human cadaver. Extracts were made of these and it 
was the injection of these extracts which first gave us an increased 
secretion. A brief statement this has 


Tun ACTION or EXTRACTS or THE CHOROID GLAND ON THE 
SECRETION OF CEREBRO-SPINAL FLUID. 


ia) Method. The experiments were performed on dogs and in all 
instances they were antesthetised first with chloroform, and then urethane | 

and morphine were injected subcutaneously, the amount of urethane 

used being usually 1 gram per kilo of body weight. No further 
Ott and Scott. Proc. Soc. for exp. Biol, of New York, Deo. 1910. 

*Sehifer-and Mackenzie. Proc. Roy. Soc. B. uxxxty. 1911. Also see Quart. 


Journ. of Bap. Physiol. rv. p. 805. 1911. 
3 Proc, Physiol. Soc. p. xxx. 1910. (This Journal, x.) 
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volatile anesthetic was required to retain complete anesthesia 88 


the experiment. In a few i goats similarly anæsthetised 


were employed. 

the occipital process was severed for about 1 em.; the sub- oerebellar 
cisterna was then punctured by means of a trocar and wide cannula, 
shaped in the usual way but: with a blunt point. The easiest way of 
perfouming this is to flex the animal's head as far as possible and insert 


the trocar with its point directed to a spot midway between the eyes: 


it should then pierce the occipito-atlantoid ligament and enter the 
foramen magnum. The forward movement of the trocar should cease 


as soon as active resistance to its movement ceases. On the withdrawal 
of the trocar the clear cerebro-spinal fluid gushes out entirely free from 


blood. In some cases, especially in our earlier experiments, the fluid 
was tinged with blood, but these experiments were usually discarded; 
and indeed if blood is present in any quantity, coagulation in the 


cannula soon stops the experiment. A little practice soon enables the 


operator to avoid this trouble, There is no necessity to tie the cannula 
in any way since it is firmly fixed in the compact tissues in the back of 
the neck. A glass tube is now connected to the cannula by a short 
rubber connexion and the cerebro-spinal fluid is allowed to drip into 
a glass capsule. The fall of each drop is signalled electrically on the 
base line of the arterial pressure which is simultaneously taken. The 
tracings of arterial pressure were taken always from the right femoral 
artery which was connected with a mercurial manometer. The right 


femoral vein was also exposed and a cannula inserted into it for the 
injection of the substance the action of which it was desired to study. 
In some experiments tracings were also taken of the respiratory 


movements by the tambour method. 


In a few experiments the lower dorsal region was tapped instead of 
the sub-cerebellar cisterna, but the results obtained are independent of 
the region punctured. . 

0 Nature of the outflow of cerebro-spinal seoretion in the ancesthetised 
animal. As soon as the fluid is free to flow through the cannula it at 
first comes out with a gush, 2 or 3 c being passed in the first minute, 
but the rate of flow rapidly diminishes for the next two or three minutes 


and then more slowly. The drops occur at longer and longer intervals, 


but the flow continues in this slow manner for many hours, A few 
measurements were made of the amounts which could me a 
during * course of an experiment. 
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(1). In a goat the flow in snocessive 20 minutes was 10 ¢.0., 2.6.6., 1°56 ¢.0., 1-4 0.0. 
and so on, the figures gradually falling to 0-2 0.0, and finally five hours after the experi 
ment started, 0. The blood naturally tended to fall, yet even at the end of the experiment 
it was 80 mm. Hg. The fall of blood-pressure alone cannot account for the stoppage of 
the sseretion nines we have frequently noted an sbundant secretion with mach lower 
blood-pressure. 

- (2) In a dog, the figures ran in successive ten minute iptervals as follows ;—6, 1-7, 


18, 08, 06, 0°6, 1-0, 07, 0-4, 0-6, 0-6, 08, 0-8, 0-5, 04, 0-4, 0-8 0. 0. The rises every 


how and then in this experiment were dus to the administration of volatile anethetics ; 
ether and chloroform inhalation always produce an acceleration in the rate of the flow, 
and they were administered here not for anmethetic purposes but to make cerain thatthe 
cannula was clear. 


the total fluid in the day by men 
animals have been made by numerous observers, but there is little 
concordance between the figures given. Nevertheless it is clear that in 
man any puncture of the dura mater such as may happen from an 
accident or operation leads to a continuous flow of fluid; and a drop 
every two or three seconds may continue to be excreted for days without 
any marked ill effects. In our experiments the secretion became less 
and less and generally ceased in six hours. Collapse resulting in a very 
low blood-pressure will cause this but the flow still stops even when the 
blood-pressure remains fairly good. The other factor is the direct 
action of the anzsthetic (urethane) which we know tends to collect in 
nerve structures and which may thus interfere directly either by 
chemical or physical means with secretion. 

That anesthetics generally exert some inhibitory action seems certain 


because, as we show later, an excessive dose of an anzsthetic administered 


to an animal already ansesthetised, causes complete cessation (after 
initial stimulation of the secretion), and the secretion may never return 
again within the limits of the experiment. This factor is undoubtedly 
a drawback in all these experiments, but to some extent it can be 
overcome by using morphine and urethane as an anesthetic; the 
mixture should contain the maximum amount of morphine with the 


minimum of urethane, since morphine exerts much less action on 


the cerebro-spinal secretion than the indifferent anesthetics which 
probably owe their action primarily to their physical properties. 
The amount of secretion varies also in a remarkable degree with the 
position of the trocar. It is maximal when the sub-cerebellar cisterna is 
punctured and minimal when the cannula is in the lower spinal region. 
The flow is generally two or three times more rapid from the brain than 
from the region of the 9th or 10th dorsal vertebra, If the cannula is 
in the upper position, raising the legs will cause the elimination of two 
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or three extra drops of fluid, whilst if the cannula is in the lower position 
raising the head and shoulders has a similar effect: in either position 
squeezing the chest and abdomen exerts a like effect. Electrical 
stimulation of afferent nerves (central end of the vagus and anterior 
crural) is without decided action; the experiments are not however 
satisfactory as the vascular and respiratory changes which are produced 
may well mask any small action which might occur. Suddenly clamping 
both carotid arteries causes at first some increase in the rate of secretion 
and three or four drops may be rapidly extruded from the cannula: this 
effect lasts about one minute and is followed by a complete cessation of 
secretion, and brain VVV 
sucked back into the cranium. 

The cerebro-spinal fluid exerts certain positive pressure 0 that 
when the cerebro-spinal space is opened it issues with force through the 
orifice, Many cases in man have been described in which the flow 
persists for week: or indeed so long as the orifice remains open, often at 
the rate of 100cc. per hour, or even more. These facts may be 
interpreted as showing that the fluid is being continually poured into the 
cerebro-spinal canal cavity and into the subarachnoid cavity with which 


it is continuous by the foramen of Magendie. The fluid must therefore 


also be continually: leaving the cranio-spinal space and the possible 
channels by which it does so will be ‘discussed in our next paper. 


Whatever these channels may be we are forced to regard the fluid 


within its containing cavity as the result of a balance between formation 
and absorption. 

When the eranio-spinal cavity is opened as in the present experi- 
ments the natural channels for the exit or absorption -of cerebro-spinal 
fluid still remain open, and the fluid that issues from the cannula is 
therefore not necessarily the sum total of any fluid which has been 
formed in that time, although probably the resistance through the 
artificial orifice is much less than through the natural channels and 
so the bulk of any newly formed fluid would come out by the cannula. — 

(e) Preparation of extracts of the choroid plewuses. The strength of 
the extracts employed was 1 p.c., that is 1 gram of the dried choroid 
material to 100c.c. of normal saline solution. The material was 

thoroughly ground with the solution and a little clean sand in a mortar, 
and filtered. The choroid plexuses of man, ox and sheep were all used 
at one or other time and in some experiments fresh choroid plexuses 


were used instead of the dried ‘material, The most active extracts 


4 
2 ¥ 
P 
7 
A 
* 
4 
„ 
wig 
} 
2 
% 
* 
ag 
* 
2 
| 
| 
> 
2 
. 
x 
a 
7 
“ai 
F. 
1 
H 
* 
— 
a 
= 
q 
5 
‘ 
8 
ata 
1 


FLUID: 211 


solution at room temperature. Boiling does not destroy their activity, 


and therefore the active principle cannot be of protein nature. The 
activity is somewhat lessened by boiling, so that the active substance 
is probably in part carried down mechanically by: the very abundant 
protein-coagulum which is formed. Extracts, made with dilute: or 
absolute alcohol were also prepared; before. using: these; the extracts 
were evaporated to dryness, and the residue dissolved in physiological 
saline solution and filtered before they were injected. The final solutions 
so obtained were efficacious in producing all the typical effects but 
these were not so pronounced as those obtained with the: fresh 0 
extracts. 

(d) General of the intravenous injection of the choroid extrac 
The extract was injected into the femoral vein generally in doses of 
5 C. After a delay usually of some twenty seconds the fluid commences 
to flow rapidly at first and then it gradually becomes slower. The flow 
lasts for a variable time but commonly continues at an increased rate 
for some three or four minutes (cp. op. cit. Proc. Physiol. Soc.). 

A second injection following the first after a short interval 8 
a smaller effect; but if the delay is fifteen or twenty minutes this 
dime ie les marked. The effect is never seen well after there 
has been much drain on the fluid (for instance after the fluid has been 
allowed to flow from the cannula for an hour or so or after the secretion 
has been much augmented by such drugs as chloroform) and in any 


condition which has led to a very low blood-pressure. It is never 


obtained typically after prolonged anesthesia. : 

_ Occasionally an injection of choroid produces no effect for some eee 
or four minutes and then a considerable secretion of fluid may occur. 
This delay i is generally seen when there is much fall in blood - pressure 
and is probably explained by this factor, since a diminished blood- 
pressure causes a diminished oerebro- spinal pressure and therefore the 
period of apparent inactivity is occupied by the secretion filling’ 9700 250 
fluid spaces in the central nervous system. 

A transient fall of blood-pressure may be seen immediately ii 
injection. This is the effect of the extracts of most tissues; in this 
instance it is not pronounced and is always of short n it is 
brought about by splanchnic dilatation (Fig. 1). If the injection is 
performed slowly it may be eliminated (Fig. 14) but the increased flow 
of cerebro-spinal fluid is still obtained. The fall of pressure . 


: by choroid extract has been noted by S. P. Kramer". 


J. Amer. Med, Assoc. p. 265, 1511. 


* 
a 
— 
* 
** 
2 
2 
* 
a 
4 
* 
* 
{ 2 
4 
| 7 
72 
4 
ay 
ay 
A 
| 


from the funnel was recorded 


solution. Injections of choroid 
extract boiled and filtered, pro- 


was never decided and did not 
_ seem to be greater than that 
caused by other animal ex- extract at C. Time=6 secs, 
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Roy and Sherrington concluded from their experiments with brain | 


extracts that products of cerebral metabolism can cause variations in the 


calibre of the cerebral vessels: and it is now generally recognised that 


the metabolites of an organ liberated during its activity dilate the vessels 
ofthat organ. Some experiments were therefore undertaken to determine 
the influence of choroid extract on the arterioles of the brain. For this 
purpose the completely isolated dog's brain was perfnsed through the 
basilar artery the carotids being tied. The brain was placed in 
a wire-gauze funnel on a cushion of cotton wool and the whole 3 in 
a glass funnel. Oxygenated 
Ringer's solution was perfused 
at a pressure of 200 mm. of 
saline and at body temperature; 
a record of the drops as they fell 


electrically, The injection of 
choroid extract was made into 
the rubber tube connected to 
the cannula in the basilar artery, 
controls being made with saline 


duced comparatively slight dila- 
tation of the vessels; the action 


Fig. 1. Cat. Effect of injecting 26. 6. choroid 
tracts, If the unboiled extract 


may be set up by th altered of the 
fusing fluid. 


If the extract is boiled and filtered its e injection ‘still 
causes cerebro-spinal secretion, fall in blood-pressure, splanchnic dilata- 
tion and increase of respiratory activity: the effect is little if at all 
altered. tt be noted also that the fall of blood-pressure. is still: 
obtained in the atropinised animal. 

Respiration becomes quicker and deeper after choroid 3 
(Fig. 1), and the effect in every way resembles transient stimulation of 
the medulla, Moreover on two or three occasions distinct slowing of 
the heart beat was observed which ceased after section of the vagi. The 


effect of respiration is of some importance for variations in its rate or 
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depth alter the excretion of cerebro-spinal fluid. This factor is discussed 
more fully in a later section, so for the present it is sufficient to note 
that anything which accelerates or increases the respiratory effects 
lessens the outflow of cerebro-spinal fluid from the cannula; and not 
infrequently the fluid may be sucked back with air into the skull. 
Conversely, slowing of the respiration or diminution of its depth favours 
the outflow from the cannula. But in spite of the exaggerated respira- 
tory movements and the fall in blood-pressure the injection of choroid — 
extract. produces an increase in the outflow of fluid. In the tracing 
previously published? respiration was natural and perhaps not efficient. 
so that the very marked result might have been in part due to this 


Mig. Dog. 
ox was ground up with 20 0.0. Binger 's fluid and filtered, 5 0. 0. were injected.) 
_D=drops of cerebro-spinal fluid. Time=65 secs. 


cause. In later experiments. the respiratory effects were 1 * 


giving to the animal a large dose of morphine, O- to O2 grm. morphine 


acetate, and then performing artificial respiration at a uniform rate. 
Curare was also tried in a few experiments, by injecting it into the 
previously anssthetised animal; this drug or at any rate the prepara- 
tion we employed when given in sufficient doses to cause motor paralysis 
caused an entire cessation of the cerebro-spinal flow, and no subsequent 
injections of choroid extract caused it to start again. On account of this 
toxic action, its use was abandoned, but it was found that large doses 
of morphine and urethane served as a substitute: and provided that 
efficient artificial respiration is carried on at the normal rate, the animal 


breathe. 


Proc. Physiot. Soe. 1910 (This Journ, xx). 
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Choroid extract has little éffect on glands generally In: fow 
experiments: (on the cat and dog) records were taken of the kidney 
volume by means of an oncometer, and the rate of urine flow by a tube 


tied in the bladder: the object: being to determine whether choroid — | 
extract resembled: pituitary extract in producing diuresis: choroid 
extract may augment. the urinary flow to a slight extent and the 


effect: is associated with some dilatation of the renal vessels, This 
renal dilatation may be evident without any apparent effect. on the 
blood-pressure. The effect is not, however, in any way comparable to 
that produced by pituitary extract, and in one or two cases we have 


failed to obtain diuresis with choroid extract when e geome 


a plentiful secretion. 

After the administration of atropine in doses up to 30 mgms. the 
subsequent injection of choroid extract. produces the usual increase in 
the rate of cerebro- 
spinal flow. To show 
this effect well it is 
desirable to atropin- 
ise the animal before 
the sub-cerebellar 
cisterna is punctured. 
If the action of 
choroid is first tested 
and then atropine 


administered the sub- Fig. 8. Goat. Injection at O of 5 0.0. of extract used in 


nee Fig. 2. Time=65 secs. There was here, as often 

sequent injection of occurs, a brief period of inhibition. 

choroid though de- 

finite enough always produces a smaller effect than before. 

8 Section of the vagi does not influence these experimental 8 
One other condition influencing the flow of secretion may be 


mentioned, namely the influence of disease. Our supply of human 


choroids was necessarily limited, but those sent to us by Dr Mott were 
separated into two groups and dried; one group contained plexuses 
removed post mortem from cases of Ga Paralysis; the other those 
removed from other asylum cases in which there was no obvious brain 
degeneration. Mott noticed in cases of General Paralysis as compared 


with other diseases in persons of corresponding age, that cystic degenera- 
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much: more frequent. But the physiologital action of the extracts 
whether made from the General Paralytio material, or ee 
normal precisely the eame effect. 


OF OTHER SUBSTANCES ON TRE OEREBRO-SPINAL FLOW. - 


Among the other substances which we have injected may be 
mentioned distilled water, normal salt solution, Ringer's solution and 
concentrated solutions of various salte; sugar, urea, inosite, peptone, 
Liebig’s extract, mussel extract and Saber lymphagogues!; adrenaline, 
pilocarpine, and other alkaloids; various animal extracts and proteins; 
the cerebro · spinal fluid collected from other animals, cholesterin and 
other substances which are constituents of nervous tissues; and lastly 
the group of anesthetics, narcotics and hypnotics, In the majority of 
cases these substances give negative results on the flow of cerebro-spinal 


fluid. But some substances exert an action of sufficient importance to 
warrant further consideration. 


(a) The effect of extracts of brain, Roy and Sherrington? found 
‘that saline extracts of the brain produced decided cerebral expansion, 
this they ascribe.to products of cerebral metabolism dilating the cerebral 
vessels, Hill and Bayliss“ failed to find in any instance an active 
effect on the cerebral circulation. This is the only tissue extract so far 
examined with the exception of choroid which gave a positive result on 
the ‘cerebro-spinal outflow. These extracts were prepared from the 
tissues of freshly killed animals (dog, ox,sheep). They were made with 
physiological salt solution in such concentration that there would be 
roughly 1 gram of dry residue per 100c.c. of salt solution. In some 
cases alcohol was employed as the extracting agent. When these 
extracts were injected intravenously the increased flow of cerebro-spinal 
fluid was quite decided, but not comparable i in extent with that caused 
by choroid plexus extract, This is illustrated in Fig. 4; the injection 
of the two extracts brain and choroid was performed upon the same 
animal under as far as possible identical conditions, The brain extract 
was injected first, so that any enhanced effect due to a first injection’ 
is eliminated. It is quite immaterial whether white or grey nerve 
matter, or a mixture of the two is employed. Alcoholic extracts 
produced the same effect but more feebly: in these extracts the , 


an Cavazsani (4rch. Ital. de Biol. xxxyu. p. 80. La Riforma Med. vm. 1892) also. 
studied the effect of injecting Heidenhain’s lymphagogues on the rate of flow of 
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226 . E. DIXON AND W. D. HALLIBURTON. 
alcohol was evaporated off in the manner already described. Boiling 


a saline extract of brain lessens its pated but does not destroy its 


activity. 

As the of 1 active is any answer 
to the question whether it is the same in the brain and in the choroid 
gland must be uncertain. But it may be pointed out in both cases 


chat the substance is soluble in the same reagents, and is thermostable ; 
and further the effect of the injection on the flow’ of cerebro-spinal : 


fluid on blood-pressure and on oe thongh differing in degree is 
the same in kind. 


| Fie br 8. Artificial respiration. Effect of injecting at O 5 c.c. brain extract at a 


time when secretion had ceased. When secretion had again ceased 5 c.c. of extract 
_ of dried sheep’s choroid was injected at D. Time=secs. A transient slight fall of 


Fig, 6. Cat. Urethane. Drops of urine from bladder. Effect of injecting into the 


of dogs cerebro-spinal fluid. Time=65 secs. 


00 The action of cerebro-spinal Auid. Considerable quantities of 
corebrouspinal fluid have been collected in the course of these experi- 
ments, both from the dog and goat and this has been injected undiluted, 
in amounts of 5-10 c. into other animals. In these doses, no effect 
either on blood-pressure,, respiration, or oerebro· spinal flow has been 


produced, and the only positive effect was some increase in the urine. 


If cerebro-spinal fluid is injected into the circulation of the dog or cat 
some increase in the flow of urine is invariable though the amount varies 


good deal in different. experiments (Fig. 5). Generally for the four or 
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CHREBRO-SPINAL FLUID. 227 
five minutes following the injection the flow of urine is doubled, an 


effect which we have not obtained by injecting under similar conditions 


an equivalent amount either of water or normal saline. It has been 
shown that the pituitary secretion passes into the cerebro-spinal fluid so 
that it is possible that this effect may be due to the presence of this 


substance. Or since choroid extract produces a like effect that the 


choroid secretion may be partly responsible for this activity: but no other 
evidence of the presence of the active — of the choroid extract 
could be obtained. 

Normal human cerebro-spinal fluid gives ides: the same en 
Pathological cerebro-spinal fluid, however, may be different. This 
fluid, for samples of which we are indebted to Dr Mott, was removed 
for therapeutic reasons by lumbar puncture, was sealed in glass tubes 


Fig. 6. Dog. Artificial respiration. B.-P. and ©.-8. secretion. Effect of injecting 
10 C. 0. of pathological O. -S. fluid from a case of General Paralysis. Before the 
injection the rate of secretion was 1 drop every 20 secs. Time=5 secs. 


and kept in the cold until it was posted to us; a trace of phenol which 
was without physiological effect was present in some cases. The 
amount sent was usually about 10c.c. from each patient. In one or 
two cases a larger supply was obtained post mortem. We have in this 
way been able to test the fluid from about twenty cases either of 
General: Paralysis or non-General Paralysis: the latter included several 
cases of dementia precox, and a case of alcoholic dementia. The 
cerebro-spinal fluid from the non-General Paralytics and from patients 
who had no obvious brain degeneration, when injected into animals 
was again negative. But in all the cases of General Paralysis and in 


one of brain softening due to other causes the injection of from 5 to 10c.c. 


of the fluid produced a slight fall of blood-pressure, and a slight 
acceleration of the flow of cerebro-spinal fluid. It may be added that 
all the General Paralysis fluids gave the Wasserman reaction: and that 
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203 B. DIXON D HALLIBURTON. 
intravenous, injection of a solution of the antigen prepared from 


syphilitic liver gave negative results on the cerebro-spinal flow. The 
activity of the fluid is not destroyed by boiling. The effect on respira - 


tion was not noted, becase, for reasons previously stated, the animals 
were ‘under artificial respiration. Fig. 6 shows a typical effect. 


The fluids from a number of cases of General Paralysis were mixed 
ge 8 and half of the mixture was filtered through a filter - candle. 


The unfiltered fluid gave the usual positive result; but the filtered 


fluid had no effect. Assuming the same material is present as that 


which ean be extracted: from the choroid glands, another fact may be 


added to those already mentioned concerning its chemical nature. is a 


is evidently a substance of high molecular weight. 

We conclude from these experiments that in such 1 
„ as obtain in General Paralysis of the Insane the cerebro- 
spinal fluid contains excess of the active substance found in the choroid 
gland, Ina case of delirium tremens the fluid acted in the same way, 
and this activity was lost when the patient recovered. 


S. P. Kramer, who regards the fall of arterial pressure as the silo 8 


criterion for the presence of the choroid secretion, found in a case of 
brain cedema that the cerebro-spinal fluid had the same depressor action, 
and concludes that in this and certain other pathological conditions of 
the brain, an excess of choroid secretion passes into that fluid. : 
In dealing with the cerebro-spinal fluid, especially in cases of organic 


disease; one must remember the possibility of substances of basic nature, 


such as choline or its decomposition products, being present in the fluid 
from the decomposition of lecithin and other phosphatides, and choline 


produces a well-marked depressor effect. Choline, however, is not the 


substance which accelerates the cerebro-spinal flow since it is entirely 
inactive in this direction. One must also remember that the secretion 
of the posterior lobe of the pituitary body passes into the cerebro-spinal. 
fluid and has been detected there by Cushing and Goetsch'; these 
observers concentrated the fluid and used physiological tests. It is 
probable that pituitary secretion contains in addition to its characteristic 
pornos substance, a depressor material as well, 

Assuming that the fluid from General Paralytics contains the same 
active substance which occurs in the choroid, it becomes necessary to 
determine what chemical differences exist between such fluid and the 
normal fluid. Leaving out the vexed question of choline, we find excess 


1 Amer. Journ. 1210. 
p. 64. 1911. 
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of protein, especially nucleo-protein. But this cannot be the active 
principle, for the latter is thermostable. There is one striking chemical 
feature characteristic of cerebro-spinal fluid from cases of nerve degenera- 
tion, and that is the constant presence of cholesterin (cholesterol). This 
led us to search for cholesterin in the choroid gland. 83 gramme of 
dried choroids carefully freed from brain material was finely divided 
and extracted with hot acetone in a modified Soxhlet apparatus. On 
cooling this extract crystals were deposited, which did not consist of 
cholesterin, but had the appearance of phrenosin. These have not been 
further investigated. A small yield of cholesterin crystals was obtained 
on concentrating the extract. On evaporating off the acetone and 
taking up the residue with chloroform, the solution obtained gave both 
Salkowski’s and Liebermann’s reaction for cholesterin. 

(o) The action of cholesterin and other brain constituents. The known 
chemical derivatives of nervous tissue are very numerous, and the effect 


Fig. 7. Dog. Artificial respiration, B.-P. and ©.-S. secretion. Effect of injecting 
5 0.0. 0-2 p.c. colloidal solution of cholesterin at C. Time 5 secs. 


of a number of these on the flow of cerebro-spinal fluid has been 
investigated. In all cases except two, they had no effect on the flow: 
one positive result was obtained with commercial lecithin, the purity of 
which was doubtful; possibly it was mixed with cholesterin. This 
preparation increased the flow of cerebro-spinal fluid slightly in one dog, 
but in other animals the effect was too small to be regarded as significant 
and a purified specimen of the same substance had no action. So that 
the only one of these substances which exerted a definite effect was 
cholesterin. The preparation employed was colloidal in nature ; it was 
made with normal salt solution, as a 0°2 p.c. solution, and an average 
injection consisted of 5c.c. As will be seen from Fig. 7, which records 
the most pronounced action we have noticed, the effect both on blood- 
pressure and cerebro-spinal flow though positive is not great. If the 
active material of choroid secretion is cholesterin, it is conceivable that 
the difficulty of keeping it in solution may be the cause of the slight 
effect it produces when injected. The discussion on the significance of 
PH, 15 


5 
a 
<a 
27 
LS 
“a5 
P 
* 
* 
* 
Ad 
a 
Bx: 
8 
2 4 
a 
fel 
— * 
1 
. 
a 
2 
. 
4 
8 
Ag 
* 
N. 
Ps 
E. 
> 
wi 
* ka: 
* 


230 . E. DIXON AND W. D. HALLIBURTON. 


cholesterin in the active material is deferred to a later section. Kephalin 
also caused some slight effect, often causing the secretion of some two 
or three extra drops, but generally speaking the effect of both these 
substances is trifling. 

% The effect of pilocarpine, atropine, and of f-+minasolyl- 
ethylamine. Injections have been made of numerous alkaloids from 
time to time, but nearly all have given entirely negative results so far 
as the flow of cerebro-spinal fluid is concerned. 

Pilocurpine invariably produces some increase in the flow but 
whether this is a direct action on the choroid or some indirect effect 
is not clear because the increase of flow is often small, and it may be 
almost absent. Moreover the injection of an alkaloid of this nature 


Fig. 8. Goat. Natural respiration. B.-P. and ©.-8. secretion. Effect of injecting 


1 0.0. 0°5 p. 8. pilocarpine at O and 2 0.0. 01 p.c. atropine at D. Time 5 secs. 
This effect is probably mainly indirect on respiration. 4 


produces pronounced effects on the vascular and respiratory systems, 
and it is not easy to determine how far these alone influence the 
flow of fluid. When the heart is slowed or completely inhibited for 
a few seconds and whilst the blood-pressure is correspondingly low 
ther volume of the lymph spaces is greatly increased, so that the 
pilocarpine may be producing an increased flow of cerebro-spinal fluid 
at a time when none is issuing from the cannula because these spaces 
are filling up. The best effects are therefore likely to be seen when 


the fall of blood-pressure is relatively small. But even in the most 
favourable cases some delay is present before secretion begins. In 


earlier experiments we were inclined to regard the acceleration of 
cerebro-spinal flow to the exaggerated respiratory efforts from broncho- 
- constriction and deficient aeration of the blood, It was found later in 


numerous experiments in which forcible artificial respiration was 
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performed, that an increase in the flow can always be elicited in spite of 
the vascular disturbance and when there is no deficiency of oxygen 
(see Fig. 8). Perhaps the most remarkable effect of pilocarpine 
is seen after the administration of atropine : a large injection of the 
former alkaluid may still produce its effect upon cerebro-spinal fluid. 
We have reached the conclusion that the result is a genuine increase of 
secretion although in all probability pilocarpine does not stimulate the 
choroidal epithelium or its nervous mechanism in the same way as it 
stimulates other secreting glands (Fig. 9). : 
When muscarine, which excites nerve-endings in a more decided 
fashion than pilocarpine, is injected, and whilst standstill of the heart 
obtains, it is usual to observe a very pronounced secretion, This is 
mainly though not entirely due to a deficient supply of oxygen to the 
brain: and any condition which deprives the brain of oxygen increases 
the cerebro-spinal fluid. | 3 


9. Dog. Atropinised. B. P. and C. B. secretion. Müsst of injecting 5 0.0. 
0-2 p.c. pilocarpine at O. Time=5 secs. | 


These experimental results coincide with the histological evidence 
obtained by other observers. Meek and also Yoshimura after dosing 
an animal with pilocarpine found on examining the choroidal epithelial 
cells that they showed marked microscopic changes analogous to those 
produced in other secreting cells by the same alkaloid. | 

_ Atropine, according to Yoshimura, produces microscopical changes 
which indicate its inhibitory influence on the secretory activity of these 
cells, This conclusion we cannot confirm experimentally. Five or 
ten mgrms. of atropine injected slowly into the circulation causes after 
a latent period of from 30 to 50 seconds an increased rate of flow for 
some 2 or 3 minutes. This effect is noticed best when the atropine is 
given soon after tapping (Fig. 10). It is not due to any alterations in 
the respiratory movements since it can be obtained equally well during 
artificial respiration, and the only phenomenon to which we can compare 
it is the augmented flow of lymph from the thoracic duct which 

16-3 
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232 . E. DIXON AND w. D HALLIBURTON. 
can be obtained after injsction of the same alkaloid. It should not 


be confused with the augtnented secretion sometimes noticed if the 
atropine is given after a pilocarpine effect on the flow had subsided: in 


this instance a sudden gush of fluid occurs momentarily immediately 
after the injection, corresponding in time exactly to the release of 
the heart from vagal ‘inhibition and the consequent rise of arterial 
blood-pressure. This can be explained mechanically; the ‘relatively 
empty. vessels are suddenly filled with blood, and the brain expands 
and squeezes out the fluid which has accumulated around it. When 
the new vascular conditions have settled down, the flow of fluid ceases 
for a time. It will be shown later that any condition which suddenly 
increases the blood-pressure produces an increased secretion from the 
cannula in this manner, Perhaps the simplest method of showing this 


Fig. 10. Dog. Artificial respiration. Blood-pressure and rate of secretion of O.. 
fluid. Effect of injecting at C 10 mgrms. atropine sulphate. Time=secs. 


is by compression of the aorta. During compression the flow increases 
and after compression ceases for a time. Pilocarpine injected into an 
animal causes violent respiratory efforts. During this spasm a con- 
siderable gush of cerebro-spinal fluid issues from the cannula: if 
atropine is injected at this time (Fig. 8) the flow immediately ceases 
together with the exaggerated respiratory movements. Atropine does 
not influence the secretion due to choroid or brain extract nor that 
caused by the action of anssthetics. 

Fg. imi amine also known as 4-p-aminoethylglyoxaline 
has been studied by Dale and his colleagues’. It was found 55 small 


doses injected into the vein of an animal breathing naturally produces 


at first a pronounced sucking back of fluid into the cranial cavity. This 
effect which comes on immediately and lasts two or three minutes must 
Dale and Barger. This Journal, t. p. 409: Dal | 
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be due to shrinking of the brain volume and it is followed by an apparent 
inereased secretion. Now this base produces very active broncho- 
constriction and its injection leads to violent respiratory efforts and 
semi-asphyxia and it is during this period that the sucking back occurs. 
To overcome this difficulty a forceful astificial respiration was adopted 
during deep anesthesia and under these conditions it was found that 


the @-iminazolyl-ethylamine exerted no alteration in the flow of fluid. 


Active liquid extract of ergot, which contains §-L, was also without 


effect. It may be pointed out here that pilocarpine also constricts the 


bronchioles but it retains its action on the cerebro-spinal outflow under 
the conditions here defined. 

Among the other alkaloids injected and which were without 
appreciable result on the flow of cerebro-spinal fluid may be mentioned 
caffeine, cocaine, and strychnine, all of which excite the central nervous 


system, and morphine and its allies which depress it. 


(e) The effect of adrenaline. The results of experiments with 


adrenaline are not constant but the explanation i is perfectly simple. 
In dogs in which the vagi are intact it is well known that adrenaline 
does not produce a very marked rise of arterial pressure, and in such 
animals the effect or the secretion of cerebro-spinal fluid is nil. But if 


the vagi have been severed or if the animal is atropinised the rise of 
blood-pressure is pronounced and sudden, and this is especially the case 
if the blood-pressure is unusually low to start with. In these instances 
there is a sudden though temporary gush of cerebro-spinal fluid through 
the cannula; the flow then either ceases or continues at its previous 
slow rate. Here as in the case of atropine after pilocarpine the sudden 
filling of the cerebral vessels expands the brain and squeezes out some 


of the accumulated fluid. The effect is therefore merely a mechanical 


one; and is not a genuine secretion. As we show later, any cause which 
suddenly augments the blood-pressure exerts a similar effect. Other 
drugs which produce a pressor effect such as lead and barium salts exert 


a like effect. 


lines the interest of adrensline is mainly vascular, we were led to investignte its 
ection om the cerebral blood vessels as it was concsivable that this might have some 
bearing on the question. 
Tho results of these experiments are published elsewhere . We take this opportunity 
of expressing our regret that we did not in that paper refer to some observations on the 


‘same subject by Dr Carl Wiggers*, an omission entirely due to inadvertence. Wiggers 


found evidence that ‘adrenaline constriots the cerebral vessels: we found none. The 


1 Quart, Journ, Bap. Physiol. nt. p. 816. 1910. 
2 Amer. Journ. Physiol. xxv. P. 452, 1905. 
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brains we perfused however were entirely isolated: Wiggers speaks of the brains he 
used as “ isolated,” but they were not really so, large portions of the skull still remaining 
around them: it is possible that this will explain the differences in the results. The 
diminution, noted by Wiggers, in the outflow of fluid when adrenaline was given may 
well have been due to constriction of extra-cerebral vessels, which are connected by 
anastomoses with those within and around the brain, especially in the nasal fossae. 
(f) The effect of respiration. Changes in the respiration are 
perhaps the most important factors in causing alterations in the rate of 
flow of the cerebro-spinal fluid under the conditions of these experiments. 
If, in an animal so deeply anzsthetised that artificial respiration is a 
necessity, the rate of the pump or the volume of air delivered during 
each thrust be altered the rate of flow is correspondingly changed : 
an increased rate or larger thrust causes a slower secretion, whilst 
a diminished rate or smaller thrust causes a more rapid secretion. 
This is shown in Fig. 11. Asphyxia, however produced, always leads to 
considerable increase in the outflow. This might be due either to the 


Fig. 11. Dog. Artificial respiration. Record of cerebro-spinal secretion. Previous to 
the point 4, artificial respiration was powerful and no secretion occurred. From 4 
to B the respiration was stopped and secretion became rapid. At B powerful artificial 
_ respiration was resumed and secretion again ceased. Beyond C, the respiration con- 
tinued, was efficient though not powerful, and secretion occurred at a moderate rate. 
Time=65 secs. . 


cessation of the mechanical movements which in some way increase the 
secretion, though such a proposition is difficult to understand, or to 
the altered blood conditions, This latter supposition was tested on an 
animal undergoing artificial respiration, and it was found that if the 
normal percentage of oxygen in the inspired air were increased without 
in any way interfering with the speed or thrust of the pump, then the 
rate of secretion fell, On the other hand diminishing the percentage 
of oxygen by increasing the nitrogen, or the direct introduction of carbon 
dioxide into the air, augmented the rate of secretion (Fig. 12). 

Ik the secretion comes from the choroid plexus and if the fluid is 
secreted in the same way as in other glands, then good oxygenation 
should facilitate secretion. But this does not appear to be the case 
since deficient oxygenation or an excess of carbon dioxide favours 


secretion. Experiments conducted with a constant artificial respiration 
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in which the respired gas contained ample oxygen but an excess of 
carbon dioxide, showed that this increased amount of carbon dioxide 
alone increased the secretion of the cerebro-spinal fluid. Hill and 
Nabarro’ by comparing the average difference between the blood 
gases in the Torcula and carotid artery and between those in the deep 
femoral vein and carotid artery respectively concluded that the brain is 
not a seat of active combustion, and that the combustion of muscles is 
vastly greater than that of the brain both at rest and in spasm. : 


Fig. 12. Dog. Artificial respiration. Blood-pressure and secretion of C. -S. fluid. In 
4 the effect of increasing the amount of oxygen in the air is shown: in B air con- 
taining about 4 p.c. CO, was substituted for ordinary air. A considerable latent period 

is characteristic in each case. Time=5 secs. 


But the cerebro-spinal fluid may afford the central nervous system 
an additional mechanism for eliminating carbon dioxide from the brain: 
and just as urea increases the renal flow so carbon dioxide increases the 
cerebro-spinal secretion. It would naturally be expected then that the 
cerebro-spinal fluid should contain an excess of the gas under considera- 
tion, and Mott has shown that the fluid in man contains as much as 
from 53 to 61 vols. p.c. though only 0·1 to 03p.c. of oxygen. Of this 
large quantity of carbon dioxide about 40 vols. are in firm combination. 
Ordinary serum and lymph contain about 50 p.c. of carbon dioxide, and 
here only about 5 vols. are firmly combined. In experiments in which 
deficient. oxidation has been going on for many minutes, it is not 
uncommon to find that when the animal again receives a sufficient 
supply of oxygen, the flow increases to a small extent; the rule that 


1 This Journal, XVII. p. 218. 1895. — 
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‘deficient oxidation favours secretion therefore only holds within certain 
«limits. 
Another respiratory factor yet remains for consideration, namely the 
effect of the thoracic and abdominal movements. Pilocarpine and the 
histidine base for example violently constrict the bronchioles, so that after 
the administration of such a drug an animal would be partly asphyxiated 


at a time when the movements of respiration are greatly exaggerated. — 
Violent and spasmodic respiratory movements and convulsions, however 


produced, cause sudden alterations in the blood-pressure, and this 
produces a secretion of fluid: which often passes from the cannula in 
gushes. If the movements of the animal suddenly cease the flow from 
the tube stops and air or fluid may be sucked back into the cranial 
cavity to fill the space. The sudden changes in the vascular contents 
of the brain appear to explain the whole phenomenon. 


Drugs such as the nitrites and nitrobenzenes which rapidly produce 


methemoglobin also cause the secretion to increase and in these 
instances also the effect: may be explained by the deficient oxygenation. 
If amyl nitrite is given by inhalation or sodium nitrite by intravenous 
injection to a dog in which the rate of secretion of the cerebro-spinal 
fluid is being recorded the flow is in each case decidedly increased. It 
commences to be excreted rapidly soon after the blood-pressure begins 
to fall, and the augmented flow continues some two or three minutes, 
when usually it ceases entirely for a time and the fluid already in the 
cannula may be sucked back into the skull. Now in all these cases 
some methemoglobin is formed, and after a pronounced effect the blood 
may be chocolate coloured. The nitrite effect is obtained quite well 
during artificial respiration but this does not invalidate the explanation 
we suggest that it is due to deficient oxygen. The vascular volume of 
the brain is diminished under the influence of the nitrites, for although 
the cerebral vessels during arterial perfusion show decided dilatation when 
nitrites are added, yet in the intact animal this effect is more than 
counterbalanced by the fall of blood-pressure from splanchnic dilatation. 
The fall of blood-pressure then could not augment the flow by physical 
means for this factor would tend rather to diminish it. The effect of 
nitrites bears a general similarity to a partial asphyxia and it is in this 
manner that we explain the action of this group of drugs. 
(g) The effect of anesthetics and hypnotics. The inhalation of 
chloroform, ether or alcohol vapour produces a very considerable increase 
in the rate of flow of cerebro-epinal fluid. The effect comes on from 


ten to twenty seconds after the inhalation is started, and unless the 
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inhalation is prolonged lasts whilst the drug is acting. This effect cannot 
be due to the fall of blood-pressure which chloroform produces because 
ether and alcohol produce the same type of effect, generally without any 
fall in arterial pressure. Chloroform as is well known produces also 
a rise in general venous pressure but the cerebral venous pressure 
follows the systemic blood-pressure passively, and we have found no 
vascular conditions which can explain in any way the phenomenon 
under considetation. It seemed at first as if it might be due to slowing 
of respiration, and without doubt in naturally breathing animals this is 
one factor in the causation of the increased rate of flow. But it was 
found that the augmented secretion commenced before the respiration 
was appreciably affected (Fig. 18); moreover when the animal is under 


Fig. 18. Dog. Movements of respiration (upstroke =inspirati } and ©.-8. secretion. 
The effect of chloroform inhalation is seen from 4 to C. Respiration began to slow 
at B. Time 1 om. =25 secs. | rj 2 


substances by a syringe into the delivery tube just before it enters the 


trachea will produce the same effect. Chloroform usually produces 
a larger effect than ether, and ether than alcohol, but in all cases the 
increase in the secretion is larger in the naturally breathing animal 
than in that receiving artificial respiration. 7 

It is clear that the diminished depth and rate of the respiration is 
not wholly responsible for the increased flow. But the diminution of 


oxygen in the blood during chloroform narcosis, according to the 
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suggestive figures uf Loewy and Zuntz’, is too great to be explained by 


the depression of the respiration alone. Buckmaster and Gardner“ 
also conclude that the diminution of the oxygen content of the blood in 
chloroform narcosis is not mainly due to diminution of the respiration 
but to the action of the drug on the red cells. But chloroform still 
produces a considerably increased flow when the animal is receiving 
artificial respiration with from 30 to 50 p.c. of oxygen, so that it hardly 
seems as if these explanations supplied the wane or even the important 
factor in the mode of production. 


Naturally ‘our attention was directed to the partition co-efficient | 


hypothesis of Meyer and Overton, and a number of drugs which obey 
this rule were injected intravenously into animals, eg. chloral hydrate, 
urethane, butyl chloral hydrate, diacetin and the like, and it was found 
that all these substances increased the secretion. The Meyer hypothesis 
regards the concentration of the drugs of this group in the cells of the 
central nervous system after absorption as the result of their solubility 
in brain lipoids: Traube's view is that it is due to osmosis which is the 
result of surface tension, and he shows that surface tension and narcotic 
power run a parallel course. The other group of hypnotic drugs, the 

- alkaloidal hypnotics, of which morphine is the typical representative, 
have no action on the secretion apart from their effect on respiration. 
It must then be recognised that the group of drugs which show a 
relatively great solubility in brain lipoid and insolubility in water, exert 
a marked influence on surface tension and augment the secretion of the 
cerebro-spinal fluid. What is the precise relationship between these 
properties we have no facts to show. 

After prolonged anzsthesia the secretion gets less and less and 
ultimately ceases, This cessation may be brought about within half an 
hour by administering large doses of anesthetics or hypnotics; the 
stimulant action which they exert at first is followed by paralysis and 
during this condition neither choroid extract, chloroform nor carbon 
dioxide exerts any action. The n classified 3 shows the effect 
of some ** these substances. 


1 Archiv F. Anat, u. Physiol, p. 166, 1904, 
Roy. Soc. B. uxxxtv. B47. 1911. 
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of injecting various substances, 

0 The effect may be 

No increase or masked 
The indifferent anes- Large injections of Pituitary extract Iminaaoly 3 
theticsandhypnotics water, normal saline Pineal extract yes aul 
such as :— (e. g. 50 0. o.) or dilute Pia mater extract _Pilocarpine 

Chloroform ‘solution of other Blood serum Barium chloride 
Ghloral hydrate’  Cholesterin Gerebro-epinal fluid Adrenaline 

| Kephalin Peptone 

Alcohol Atropine Mussel extract 


Pilocarpine 
Brain extraat Amaylnitriteandother Liebig's extract 
Carbon dioxide substances: which. Urea 

globin Glycerophosphates 


SUMMARY AND DISCUSSION OF RESULTS. 


The principal new fact here described is that an intravenous injection 
of an extract of choroid plexuses (choroid gland) produces an increased 


excretion of cerebro-spinal fluid, as tested by the rate of outflow through 


a cannula. This may be the result of the action of some chemical 
substance in the extracts on the secreting cells of the gland, or the 
mechanical effect of altered vascular or respiratory conditions, It can 
hardly be due to deficient absorption of the fluid, since absorption 


normally occurs at some pressure and in these experiments the direction 


of least resistance is through the cannula. It is certainly not the result 


of alterations in respiration for it occurs when the respiratory factor is 
eliminated by the performance of artificial respiration: moreover the 


effect of the extract is to accelerate respiration, which in itself slows the 


- outflow of cerebro-spinal fluid through the cannula. It is not due to 


altered vascular conditions, since by injecting slowly these may be 
eliminated and even when they occur they are of a nature to retard 


secretion. Moreover other substances such as choline which lowers blood- 
pressure do not cause an increase in cerebro-spinal outflow. A sudden 
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rise of arterial pressure, such as is produced by adrenaline in dogs with 
cut vagi, will produce a mechanical pressing out of accumulated fluid, 
but an increase in cerebro-spinal flow produced by substances which 
merely lower arterial blood-pressure has not been observed. It might 
be argued that the fall of blood-pressure in the arteries will be 


accompanied by a rise in the veins, and that the swelling of the brainso __ 


produced will squeeze out accumulated fluid just as much as swelling 
of the brain due to filling of the arteries does: and further this could 
not be repeated until the necessary time elapses for the fluid to 


accumulate once more. This argument may be met in the following 


ways: (1) increase in venous volume will be counteracted and probably 
counterbalanced by decreased arterial volume, so that the change of 
brain volume will be negligible; (2) the fall of blood-pressure is not 
always seen (Fig. 14), and (3) other substances which cause a depressor 


effect do not increase the cerebro-spinal flow. Moreover other instances 


Fig. 14. Dog. Artificial respiration. Blood-pressure and C.-8, secretion, Effect of 
injecting at O 5 0.0. of 1°/, extract sheep’s choroid. Time secs. 


occur of chemical substances which on a second injection after a short | 


interval cause little or no effect; a prominent example of this is the 
pressor substance found in extracts of the posterior lobe of the pituitary 
body. The lessened effect seen in second or following injections is 
therefore not a valid argument against the view that in the choroid 
extract a chemical substance or hormone exists, the presence of 
which stimulates the secreting epithetinns of the choroid gland to 
become active. 

The increased flow is seen equally well after the previous injection 
of atropine, a substance which inhibits the activity of many secreting 
organs when these are excited through nerve-stimulation. Pilocarpine 
‘it is true increases the flow slightly and this effect is largely though 


not entirely abolished by atropine, but as we have pointed out this 


is a respiratory effect. Nevertheless pilocarpine may have some more 
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direct effect since it exerts some small action after atropine, and the 
results obtained by other observers who have examined the microscopic - 
appearances of the secretory cells after the administration of this alkaloid 
would tally with this view. | 

Neves have been found in the choroid plexuses by Findlay’, Petit 
and Girard’, and by Mott who figures them. Our experiments do not 
favour the view that the choroid hormone acts on nerves. | 

Whether or not the hormone originates in the metabolic activity of 
the central nervous system, it certainly is the case that extracts of brain 


produce the same effect on respiration, blood-pressure and above all on 


the flow of cerebro-spinal fluid as are produced by the choroid extract. 
It may be therefore that some product of the brain’s metabolism passes 
to the choroid plexus and that this stimulates the secreting epithelium 
which causes the plexus to become active. On the other hand the 
substance may be produced primarily in the choroid epithelium and its 
occurrence in the cerebral tissue may be secondary. The first view 
appears the more logical; it would be difficult to understand why the 
choroid gland should produce a substance to stimulate itself. Moreover 
in cases of General Paralysis and brain softening where catabolic 
processes are excessive the cerebro-spinal fluid contains what is 
presumably the same material, for it produces the same effects. : 


The chemical nature of this substance is probably the same in all 


three cases, that is in brain extract and in choroid extract, and in the 
cases of pathological cerebro-spinal fluid to which reference has been 
made; its solubilities, resistance to heat and physiological activity are 
identical, The fact that it is removed from the fluid by filtration 
through a Chamberland filter points to a substance of high molecular 
weight; but it is not likely to be protein because it resists boiling. Of 
the large number of chemical substances derived from or occurring in 
nervous tissues which have been investigated cholesterin and to a 
smaller degree kephalin alone gave any definite increase, although 


trifling effects were obtained with some others. Cholesterin is present 


in all the situations just mentioned; it is of high molecular weight; it 
is thermostable and possesses the solubilities of the active material in 
the extracts employed. But the results of injecting a colloidal solution 
of cholesterin into the blood stream are not comparable with the choroid 
injection even though amounts are injected far in excess of those 
occurring in choroids. It is of course conceivable that in the brain and 
e 1 Brain, XXII. p. 161. 1899. 
2 Arch. C Anat. Mic. v. p. 218. 1902. 
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in the choroid gland that the cholesterin may be in a different form from 
that which we employed, or it may be a chemical derivative or a compound 
of cholesterin. But in the present state of the enquiry, we do not 
desire to commit ourselves to any definite view concerning the chemical 
nature of the active material, 

If we assume that the active material is produced in the course of 
nervous metabolism some analogy is presented to other hormones which 
act as chemical stimuli. When this material reaches the choroid gland 
it excites it to activity, accumulates there, and can be extracted from it 
in relatively large quantities. But it does not pass out into the secretion 
in recognisable amounts under normal circumstances, so that it may be 
either changed in its passage through the epithelium or be absorbed 
into the blood. Its presence in the cerebro-spinal fluid only occurs 
during cerebral degeneration, when the choroidal epithelium has more 
work thrown upon it by increased catabolism. 

Some analogy. is also suggested with the external secretions. 58 
as urea is a diuretic and bile salts a cholagogue so the waste product of 
brain metabolism acts as a stimulus for the formation of cerebro-spinal 
fluid. The analogy is not complete, for urea in urine and bile salts in 
bile are very abundant constituents of these fluids. 

The cerebro-spinal fluid of man contains a high 3 of 
carbonic acid and deficient oxidation or an excess of carbon dioxide in 
the blood causes an increase in the rate of secretion. In this instance 
the effect is comparable with that of urea on the urinary flow or bile salts 
on the secretion of bile. It is certainly highly suggestive that cerebro- 


spinal fluid is a means for the rapid excretion of carbonic acid during 


nervous metabolism, and it is unnecessary to point out how severe 
a poison carbonic acid is to the central nervous system. | 

The three substances or groups of substances then which act as 
cerebral lymphagogues are (1) those which are specific; of. these 
choroid extract is representative; (2) an excess of carbon dioxide in the 


blood or drugs which interfere with respiration, such as pilocarpine and 


8-iminazolyl-ethylamine (broncho-constriction), dinitrobenzene and amyl 
nitrite (methemoglobin); and (3) the group of indifferent anwsthetics 
and narcotics which may act by interfering with — or 12 
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‘THE HEAT PRODUCTION OF FATIGUE AND ITS 
RELATION TO THE PRODUCTION OF LACTIC 
ACID IN AMPHIBIAN MUSCLE. By RUDOLPH 
A. PETERS, Benn sta Student and Student Ann and 
Catus College. 


(From the Cambridge.) 


Introduction. The belief that the contraction of a muscle is due 


primarily to the liberation of lactic acid from some precursor at or near 
some surface in the fibril, so as to cause a rise of tension in the muscle 
has gained support from several recent investigations. That the 
shortening of muscle in fatigue and rigor is due to the action of metabolic 
products, chiefly of lactic acid, has been a view in existence from the 
time of Rankel; and it has been suggested by Gad“ that the normal 
contraction has a similar causation. It has been brought into prominence 
again owing to the work of Fletcher and Hopkins“. In their work 
they showed that fatigue was associated with a marked increase of lactic 
acid, and that the process culminating in the stiffening of rigor was 
accompanied by a certain maximum production of acid. Again 
A. V. Hill“ has argued from the production of heat and its relation to 
the time of the mechanical response that the contraction probably takes 
place in this manner. Considering the summation of contractions, 
Mines“ has pointed out that a sudden liberation of acid might certainly 
be the cause of the electric change, which he shows“ for his combined 


curves of the electrical and mechanical response in the excised frog’s 


heart to occur before the mechanical response. That acid liberated 
upon the surface of some colloidal structures will produce a shortening 
is known from the work of Fischer and Strietman“. Acid rigor has 


1 Ranke. Grundsiig der Phys. p. 682. *Gad. Arch. f. Phys. p. 166, 1893. 
8 Fletcher and Hopkins, This Journal, xxxv. p. 247. 1907. 

4A. V. Hill. Ibid. AI. p. 28, 1918. Ibid. XVI. p. 1. 1918. 

6 Mines. Ibid, IMI. p. 188. he ‘ 

7 Fischer and Strietman. Toll. Zeit. x. 1912. 
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long been known and Fletcher’ has given curves showing the shortening 
of a muscle in lactic acid. 

Upon a priori grounds, it might be supposed that the liberation of 
a quantity of lactic acid sufficiently large to cause the rise of tension 
observed in a muscle would be attended by some thermal change as well 
as by an electrical one. It has been long known that a thermal change 
existed in contraction, and A. V. Hill* has estimated the heat evolved 
under the same conditions as the lactic acid production observed by 
Fletcher and Hopkins. 

Hill shows that the heat produced during the survival life of 
amphibian muscle follows approximately the curves of CO, and of lactic 
acid production. All conditions which affect the liberation of lactic 
acid seem to affect the evolution of heat in a similar sense, there being 
for heat the same attainment of a maximum in heat and chloroform rigor 
as for lactic acid. 

In one case, however, Hill did not study the simultaneous sak anion 
of heat and lactic acid, the production of heat during the fatigue 
induced by artificial stimulation, It is known from the work of 
Fletcher and Hopkins that acid is formed when fatigue is induced in 
this manner. After severe and prolonged stimulation, they obtained 
a yield of about half the amount of acid to be obtained in complete rigor, 
either by heat or chloroform, being the same approximately for both. 
This was obtained usually by direct stimulation; in one case where 
indirect was employed, a similar result was obtained, Fatigue was 
shown by Hill to reduce the heat production of chloroform rigor in 
the same sense that it was reduced by periods of survival life. This 
reduction seemed to give further grounds for believing that rigor was 
an extended form of the process of contraction, that in both cases there 
was the liberation of chemical bodies, with the difference that in rigor 
the liberation (or breakdown) went further. Such a view has been 
held by Nysten (1811), by Schiff* and by Hermann‘. By a better 
method Fletcher’ confirmed the latter’s demonstration that the CO, 
yielded in heat rigor was diminished by previous fatigue with the 
circulation intact. —i.a that the processes of rigor and contraction made 
calls upon the same precursor. 

va the 8 which are the immediate cause of contraction are 


Fletcher. This Journal, X p. 54. 1898. 
A. V. Hill. Ibid. p. 466. 1912. 
Schiff. Beitr. 8. Physiol. u. p. 9. 1094. 
Hermann. Stoffwechsel der Muskel. 1867. 
Fletcher. This Journal, p. 10. 1998. 
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the same as those which. lead ultimately to rigor it is not unreasonable 


to suppose that the amount of heat liberated during a given degree of 
fatigue should bear to the heat production of chloroform rigor, the same 
relation as the lactic acid produced during a similar period bears to the 


total acid maximum. For if the processes of contraction involved other 


reactions (such eg. as oxidations) than those culminating in rigor, the 
heat production of contraction might be incomparably larger in 
proportion. 
Therefore it seemed that an opportunity was given of testing the 
hypothesis outlined above, as well as establishing any relation that 
might exist between heat production and the appearance of lactic acid. 
For if the heat production of chloroform rigor in the fresh muscle was 
roughly equal to the heat produced during stimulation plus the heat 
production of chloroform rigor after stimulation, it would not be 
necessary to assume that any process had occurred during stimulation 
other than that which had occurred in the process leading to rigor. 


(Any other change that might occur would necessarily be one taking 


place with small evolution or absorption of heat, and therefore probably 
of comparatively small importance.) If on the other hand the heat 
produced during prolonged contraction plus the heat production of 


_ chloroform rigor after contraction was much greater or much less than 


the heat production of chloroform rigor in the fresh muscle, another 
exothermic or endothermic process would be occurring during the 
contraction, and the hypothesis would need modification. 7 
In this paper the question has been investigated from the standpoint 
of the following main questions. | ae 
(J) Was the maximum heat production of fatigue definitely greater 
than the heat production of chloroform rigor in the fresh muscle? 
(2) If not, was the maximum heat liberated during contraction plus 
that liberated during chloroform rigor after fatigue approximately equal 
to the heat production of chloroform rigor in the fresh muscle, and what 
effect did the previous saturation of the tissue with oxygen have upon 


this equality ? 


(8) Further was the relation between the maximum heat produc- 
tion of a muscle contracting to a condition of fatigue and that of 
chloroform rigor in the fresh muscle of the same order as that between | 
the amounts of lactic acid liberated under similar circumstances? If so, 
there would be farther grounds for believing in an extremely intimate 
connection between the lactic acid appearing in a muscle and the 
PH. 16 
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The older methods of observing the rise of temperature in a muscle 
during tetanus, which were made by Helmholtz and others with single 
muscles upon thermopiles, were not applicable to these experiments. 
As it has been pointed out by A. V. Hill’, the mathematical calculation 


of the various quantities necessary to obtain the amount of beat 


liberated by a small mass of muscle in a prolonged contraction is very 
complicated and the results of such a method cannot pretend to the 
degree of accuracy required. This was the method used in the main by 
former observers, The necessary measurements require the use of as 
large quantities of tissue as is practicable, and the collection of the heat 
in a calorimeter, to minimise errors introduced by heat loss during an 
experiment, 

The method chosen for experiment was in the main that which has 
been elaborated by Hill! for measuring heat production of CHCl, rigor. 
The principle of this method is the balancing of two flasks against one 
another for temperature loss and the elimination differentially in this 
way of most of the errors due to heat loss. The remaining heat loss can 
be calculated by correction with a small constant. In practice Hill’s 
method needed modification for the experiment, in order to admit of 
working upon smaller quantities of muscles than he used. The use of 
large quantities of limbs would have meant a delay in obtaining the 
observations from the time of pithing the frogs. At first one set of 
limbs were used, but afterwards four as one set was not found to give 


sufficiently accurate results. The muscles were stimulated inside the 


flasks, and the heat collected with the aid of a small quantity of Ringer. 
The rise of temperature was observed thermoelectrically, by finding the 
difference in temperature between the two flasks as a current flowing 
between thermal junctions, one thermocouple being in each flask. The 
E. M. T. was read as galvanometer scale divisions. _ “ 

Desoription of galvanometer. The galvanometer was one of Pye's 
“Economic” moving coil 8025 galvanometers, modified for these 
experiments so as to have especially low resistance and to be as light as 
possible, This instrument had a swing when short-circuited with the 
thermopile of 15-20 secs. For thermopile work, as it is well known, 
it is necessary to have a galvanometer of a resistance approximately 
equal to that of the thermocouple used. Under these conditions the 
highest sensitivity is secured. Also I have observed that in order to get 

1 This Journal, XVI. p. 82. 1913. 2 Ibid. XIxV. p. 466. 1912. 
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the maximum galvanometer deflection with the least creep it is necessary 
to use a thermopile of as low a resistance as possible. But if the resistance 
is too low, the wire used is of large area and so conducts heat easily. 

In this latter case an error will be introduced from (1) the conduction 


of heat to the outside along the thermocouple and (2) the conduction of 


heat from the hot end to the cold end of the thermopile. It is therefore 
found that the best results were secured as follows. The galvanometer 
had a resistance of approximately 30 ohms, and the thermopile of 


15 ohms. In these experiments, a thermopile of copper-constantan 


copper was used. 

Desoription of flasks used. In order to get a sufficient degree of 
accuracy of reading with the galvanometer, it was found best to have 
a reading on the galvanometer scale of about 70 divisions, representing 
the rise of temperature produced during stimulation. This could be 
obtained in either of two ways, (a) by increasing the number of junctions 
in the thermocouple or (b) by decreasing the amount of Ringer in which 
the muscles were immersed, and so collecting the heat in a smaller 
volume of water and getting a larger observed rise of temperature. 

Method (a) was tried and abandoned, because it is difficult to get 
a satisfactory insulation of the junctions in the same flask from one 
another without increasing seriously the errors due to added heat 
capacity and added surface for conduction to the ontside of the flask. 
Even if insulation is perfect, I find that the increase of resistance seems 
to introduce some source of error into the galvanometer reading owing 
to the setting up of extensive creeping. Therefore method (5) was 
employed. 

The adoption of method (b) involved the reduction of the fluid in 
the flasks to a small bulk of from 20-30 C.. in the first experiments and 
more in the later and more accurate (50c.c.). With quantities such as 
50 c.c. in large Dewar flasks the heat loss is relatively extremely large 
owing to the fact that the heat loss is dependent very largely upon the 
area of the walls. Thus a small amount of water will lose in a given 
time the same amount of heat as a larger amount, and therefore much 
more temperature. Consequently smaller flasks were used of about 


120 cc. capacity. 


Several important precautions were taken to secure uniform condi- 
tions outside the two flasks. They were placed inside a wooden tub 
(see diagram, Fig. 1) and surrounded by a layer of kapok (a vegetable 
wool), a small layer of eiderdown being placed immediately outside the 
flasks themselves. The thermopile (T) was composed of one copper 
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constantan junction in each flask. One piece of oonstantan wire was 
passed from the bottom of one flask to the bottom of the other insulated 
in glass tubing; to each end of the constantan, copper wires were fused 
and passed from the flasks as leads (7") to the galvanometer. Insulation 
was carried out by enclosing the wires in fine glass tubes; the ends of 
these which dipped in the fluid were sealed by binding with fine 
indiarubber membrane. This method of enclosing in fine glass tubes 
gave the additional advantage that the thermo-junctions were kept 
rigidly in the bottom of the flasks. This was found to be extremely 
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Fig. 1. Calorimeter 
vacuum flask. T= thermopile with T“ copper leads to galvanometer passing 
through eiderdown and kapok to the outside of the wooden tub. L= frog's limbs 
oe attached to stimulating apparatus for enlarged diagram of which see Figs. 2a and 2b. 
155 ꝶ6 nay through fine glass rod to the ebonite disc to which 

muscles are attached. 4. S. apparatus for stirring automatically both 
lifting them equal heights. | 
important when dealing with these small quantities of fluid in the 
bottom of the flasks, because if the thermo-junction were not covered, 
| | serious errors of reading were found to occur. The flasks were cemented 
9 together with a small piece of wood between them to prevent direct 
| : contact and the thermopile cemented into position in the flasks. In 
this way the apparatus was made stable. The copper leads from the 
‘ends of the thermopile were brought to the outside of the tub and 
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with the galvanometer. 

Cylinders of American cloth were then made which fitted exactly the 
2 of the flasks, and these were cemented into the mouths of the 
flasks so that water poured inside the flasks could not leak into the 
interior of the tub. Holes were bored in the lid of the tub into which 
were fitted large pieces of glass tube of such a size that the cloth 
cylinders would just fit inside them; by sinking the flasks completely 
beneath the. wool, it was arranged that the only place for conduction of 
heat to take place should be by the cloth cylinder, Corks were fitted. 
to the glass tubes, which were bored and fitted with small glass tubes 
to take the glass rod to which the muscles were attached. In the 
construction of this apparatus I have to express my thanks to Dr 
C. G. L. Wolf for his kind help. 

Apparatus for stimulating the muscles. In the first experiments 
before the foregoing apparatus was constructed, it was attempted to 


_ stimulate the muscles directly. This plan was abandoned, however, in 


favour of indirect stimulation; some justification for this abandonment 
was that Fletcher and Hopkins found that they obtained the same 
lactic -acid yield whether the stimulation was direct through the 


muscles or indirect through the nerves; they performed however only 
one experiment upon this point. Indirect stimulation had the following 


great advantage that it was necessary to use only an extremely weak 
current, which produced a heat production of its own practically 
negligible. 

The problem, then, narrowed itself into fitting 4-6 limb pairs into 
the flasks in such a way that the limbs were immersed in Ringer, were 
attached to a glass rod which should admit of stirring and through 
which could pass wires for stimulating the nerves. The whole had 


to be of as little heat capacity as possible and to present as little 


opportunity for the leakage of heat to or from the exterior according 
as the temperature of the room was above or below that of the interior 
of the flask. This was finally done as follows; for diagram see Fig. 2 a0 
and 2 ö. 

A circle of ebonite of radius 33 mm. ail depth 8 mm. was hollowed 
out i in the centre so as to form a circular groove with the exception of 
a small boss; which was left and drilled centrally to hold exactly the 
glass rod containing the stimulating wires. In the narrow margin left 
round the edge were drilled six pairs of two holes at such a distance 
apart that they were fitted exactly to receive the two bones forming 
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the pelvic girdle of the frog's limbs. (This was found to be 7 mm.) 
Between each of these pairs of holes was cut a small slit extending into 
the circular trough 1 mm. deep and 1 mm. in cross section at the place 
where it entered the trough, being widened as it reached the outside 
and extended down between the two holes designed to hold the pelvic 
bones. A small horizontal groove was also cut in the boss in the centre. 
The finest glass tube obtainable was then fitted with the stimulating 
wires as follows. 5 

A hole was blown in the side of the tube and a piece of platinum 


wire to which was attached fine copper wire (No. 38), fused into the 


side leaving as little prominence as possible. A similar wire was then 


ͤ ·ð 
Fig. 2a. Enlarged view of ebonite dises with muscles attached. The nerves from the 
muscles are indicated passing through the 1 mm. square groove into the central 
trough. The glass rod down which the stimulating wires pass is also shown. 


Fig. 20. Sectional view of Fig. 2a, showing positions of electrodes, one inside trough, 


and are fused into the glass tube. 


fitted in the bottom of the tube, and the inside of the tube filled with 


paraffin for insulation before sealing. The hole in the ebonite plate 


was drilled to fit the glass exactly. The side electrode then was coiled 
inside the trough and the other below the ebonite. Lastly a plate of 
thin ebonite was arranged to fit closely upon the top of the trough so 
that the only passage of the current from inside to outside electrode 
was through the six boles all bored accurately to the same size. 
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Through these holes passed the nerves, the ends attached to the spinal 
column lying inside the trough. When the limbs were in position 
and the ebonite plate firmly fitting over the circular trough, the 
stimulating current passed from the platinum coil in the trough, through 
the holes containing the nerves, through the Ringer to the platinum 
coil below the ebonite disc. This is the principle employed by Lucas 
in stimulation, the stimulation being limited to the abrupt change of 
current density at the grooves through which the nerves passed. I am 
deeply indebted to Dr Lucas for help in the designing of this apparatus, 
and for cutting out the ebonite trough for me himself. ) 
Apparatus for stirring. (Fig. 1, A. S.) In the earliest experiments 
the stirring apparatus was left uncontrolled, but this was found to 
produce an error of considerable size where such small quantities of 
heat were being observed. It was therefore necessary to control this, 
which was done by stirring two similar sets of muscles one set in each 
flask an equal amount. This was done quite simply as follows:—Two 
upright posts were fitted across the openings of the flasks which were 
arranged to hold a crossbar of brass upon which stood a small brass 
pulley. Over this pulley ran a cord attached to the excentric of 
a small motor, the end of the cord had a small hook attached to it, and 
this fitted over a small bent glass rod (V-shaped). The lower ends of 
the glass rod were attached to two hooks cemented to the upper part of 
the rods which held the muscles. By means of this apparatus, one 
stir of the motor or as many as were required could be made equally in 
each flask. The control for the stirring was tested several times, by 
giving 200 stirs and observing whether any change could be observed in 
the shape of the ordinary cooling curve. It was always found that 
there was no difference to be detected. In practice, 20 stirs were given 
between each set of readings. The additional advantage of the above 
apparatus was that it was never necessary to approach the calorimeter 
and to introduce irregularities due to radiation from the body. siya 
Avoidance of thermoelectric errors in external circuits, These were 
made as simple as possible, and mainly of copper to avoid thermoelectric 
errors in the circuit. The copper leads from the thermopile were fused 
to thick copper wires, which passed straight to the mercury cups of 
a Pohl commutator, into which also were brought the galvanometer 
leads. Hence, the thermoelectric effects could be obtained except for 
the junctions in the flasks only at (1) the copper-mercury connections 
of the commutator; (2) the galvanometer terminals. The effecté at 
(1) were minimised by arranging a bent glass rod to work the tip key of 
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the commutator from a distance. In the case of the galvanometer 


terminals, any accidental temperature difference was eliminated by 


taking the reading upon the scale as the difference between reversed 
deflections. In this way any constant E. M. v. beyond the commutator 


was eliminated. 


Constant of heat loss. for the cosdlicient of 
158 by the method used by Hill of observing the time taken to cool 
through.a certain number of degrees showed that the flasks were balanced 


for heat loss within 4°/,.. But although the flasks were balanced for 


heat loss as regards the external temperature, a correction was needed 


for the difference in temperature between the flasks themselves. By 


Hill's method the heat loss appeared to be 25% of the difference 
between inside and outside per hour. Where this difference was 


substituted in the curves of H.P. observed, it appeared that the heat 


loss in the experiments could not be as great. Therefore the following 
method of direct calibration was used. Ringer's fluid was placed 
in the flask under the conditions and volume of the experiments, 
and the decrease of the deflection of the galvanometer (= decrease of 


temperature difference) observed over successive intervals. It was 

found that the decrease of the temperature difference in a oo time 

(oie 36 mins.) was remarkably constant. 
Reading giving for k, 168, 158, 164, 155, 152, 160, 166, 150, 164, averaging 

160=16°0 % of difference per hour. 

was calculated by seversing the ordinary calcnlation for heat loss, In the ordinary 


way the heat loss (H) over given time (t) is caleulated R 


H= km in time . 


the method are known, that it only to 
equation (1) to find k. 


The average of the above values 55. 160 uns used in correcting. the 


curves throughout the paper. It signifies that the flasks lose 16°C, of 
their temperature difference per hour. Reliance is placed upon this 


constant rather than any other, because it was obtained under the 
conditions of the experiments, and because it reduced the curves so well 
to a base line (see below). 
| The heat capacity of the flasks. Where . 
water were being used in the flasks, it was difficult to get an accurate 
measurement of the heat capacity by mixing two volumes of water * 
known temperatures and observing the final temperature. 
Accordingly the heat capacity was determined by liberating a ‘eee, 


amoutitof heat inside the 
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produced in a given volume of water as a deflection upon the galvano- 
meter scale. This method proved to be useful also for checking the 
working of the apparatus. Heat was liberated by passing a known 
current for a known time through a coil of constantan wire of known 
resistance wrapped round a piece of vulcanite of the same size as that 

used for holding the muscles. To do this, the coil of wire was connected 
with a two volt accumulator, a key being placed in the circuit. The 
voltage was read from a sensitive n nen in e 
with the resistance. at 


_ Heat liberated (in coil in flask) 


and 1 resistance of leads from accumulator. 
leads having resistance 0-0288 ohm. 


given cae, len vl Time 179˙8 secs. 


( x5 
H= 


— 
0. - 484° 0. 


“484° 0. by 812, de. 1° 0. by i- cals. 


of water 1°C., 60 to water in ak, we 


capacity =72:- 60 =12 H,0. 
vn this means, forthe of wer found the faowing 
15, 11, . 17, 17. Av. 14. 
16, 14, 12, 12, 12. Av. 18-6. 


Average taken as 14 00. 


‘The are variable, but the is liable to 
ark errors, owing to difficulty of reading the small voltage. 
Approximate accuracy only can be claimed for the average 14 c. c. 
A difference of 5c.c. on either 
in the calculated results. 

Strength of current employed. for stimulation and avoidance of the 
Wedensky effect. In the primary circuit of an ordinary induction coil 
were used two dry batteries giving three volts. The position of the 
secondary coil was roughly calibrated so as to give the approximate 
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current strengths for different positions or distances from the primary 
coil. At first the ordinary tetanising hammer was employed, but this 
was discarded later as it was found to have an extremely rapid rate 


of stimulation, causing the nerves to show a Wedensky effect. when 


fatigued (Wedensky*). Therefore for the later experiments an 
apparatus was used with a revolving brush.contact by means of which 
the stimuli could be varied in frequency as desired from 6-40. In 
practice it was found that a rate of 14-16 per sec. gave the best results, 


that is to say tetanus without any possibility of the Wedensky effect. 
It was always possible to tell the presence or absence of this effect by 
the fact that the muscle gave a preliminary twitch at the instant of 
turning on the current, in the manner described by Adrian and 
Lucas. 

Heat production of the current.- As stated above, the method of 
indirect experiment was adopted after trying the direct, because the 
amount of current required to excite is-relatively extremely small. The 
heat produced by the current was determined experimentally under the 


conditions of the experiments by passing the current for the same time 
as had been employed throughout the experiment and observing any 


increased rise of temperature in the flask, This was never found to be 
greater than from 1-2 scale divisions of the galvanometer. 


Calibration of thermopile. The light was reflected from the galvano- 


meter on to a fixed scale and the thermopile calibrated directly (in the 
same way that Hill calibrated his apparatus). That is to say a difference 
of temperature of about 1°C. was made between the flasks, determined 
carefully with an accurate Beckmann thermometer; the galvanometer 
deflection was then compared with this. The average of several 
determinations gave 1°C. = 332 scale divisions (individual determina- 
tions varied between 334 and 330). In the reading of the deflection, 
and in all the other galvanometer readings, the readings were the 
differences of the deflections obtained by reversing the current through 
the galvanometer. For instance if the galvanometer for a deflection 
right of the zero read 400, and left read 150, the reading taken would 
be 400 — 150 = 250 scale divisions. 

Experimental procedure. In all the e eee those in 
Table I the following method was employect. 


Wedensky, Arch. f. d. ges. 1688. 

In the easlier experiments (Table 1) an apparatus iran uscd, which was only appli 
are given for oomparison. 
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The limb pairs (eight i in number) (four for each flask) were pre- 
Bi for the experiment by skinning, dissecting out the sciatic plexuses 
of both sides with a small piece of spinal column leaving the pelvic 
bone attached to it and removing the attachments of muscles of the 
abdominal wall without i injury to limb muscles. After the dissection 
of each limb, it was placed i in order in a dish of Ringer. The two 
pelvie bones were fixed in the ebonite plate by threads The nerves 
were then passed through the slots, and kept in position by the spinal 


column attached and lying in the central troughs (see Fig. 2a). The 


whole of this i ta took about 25 minutes from the pithing of the 
first frog. 

In order to . the limbs against one another in respect of the 
resting heat production; observed by Hill to be relatively very large in 
the first hour of survival life, each alternate limb was taken together 
from the dish of Ringer, i.c., 1, 3, 5, 7, and 2, 4, 6, 8, so that the muscles 
should be in as directly a comparable condition as possible. Let us call 


the sets of four limbs A and B respectively. A and B were weighed 


separately and the volume determined for each. The limbs were then 
placed in the flasks where they remained until they had been in for 
20 mins. after which the first reading was taken. Observations were 
then taken at intervals of about 3-6 mins. until constant conditions 
were obtained (this was usual at the end of 20 mins.). The stimulus 
was then applied to the muscles of A (contraction was always signified 


by the raising of the glass rod in the flask). Another reading was then 


taken and this process continued until no further contraction was 
obtained through the nerve for stimuli 3-6 times the strength of the 


threshold for excitation. After contraction had ceased and there 


appeared to be no further H.P. upon stimulation, the current was passed 
for the total time of the experiments as a control of the heat produced 
by the current. 

In order to obtain the values of the H.P. in terms of muscle tissue, 
and not limbs, the limbs were weighed before placing in the flasks 
to get the weight of bone + muscle in the resting condition. At the 
conclusion of the experiment the muscles were cut off as completely as 
possible and the bones weighed, The weight of muscle substance was 
given by the difference between the two weights. In order to get 
strictly comparable conditions, the muscles must be weighed before 
stimulation as the change of osmotic condition in the stimulated 
muscle: would give a different result}, 

1 Vide Fletcher. This Journal, xxx. p. 414. 
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Calculation of actual value of heat production, The temperature 
didteessions between the two flasks, obtained as galvanometer scale 
divisions, were plotted on squared paper as ordinates, the abscisse 
representing intervals of time. They were corrected for heat loss 
by the method described by Hill’, by multiplying the ordinate at the 


the points upon the observed curve accordingly. It has been shown by 
Hill that the resting heat production is a comparatively large quantity, 
especially in the first few hours. In any. calculation of heat produced 
during stimulation over long periods, this has to be taken into account. 

The method as finally modified will be described. Figs. 3 and 4 
are two of the actual curves of heat production obtained and chosen at 
random from the experiments given in Table II. The upper irregular 
curves are the observed curves of heat production. Periods of stimula- 
tion referred to approximate current strengths are marked in black 
patches. Before stimulating observations were continued for periods of 
10-20 minutes in order to obtain a sufficiently even curve for continua- 
tion as a base line. The lower curve is drawn through the points of 
correction.. The resting curve corrected for heat loss is continued as 
three black lines, of which the middle is drawn through the corrected 
points, the other two lines representing the approximate limits of the 
experimental error involved in the continuation of the base line. As 
the galvanometer cannot be read accurately to less than 5 of a scale 
division, the experimental error of any observation may be one division 
upon either side of the observed point: this is indicated in the diagram 


production is reckoned as the heat evolved in contraction of the muscle 
to a state of fatigue, 


7 6f experiments. 
ee the earliest. experiments, to be quoted in Table 5 one 3 limb. 
was used in each flask, that in the control flask being dead. The resting 


continued for a very long time, 30 minutes or more, in order to get even 
* accuracy in continuing a line drawn n them. The 
This Journal, xu. p. 274. 


middle of a. given period by the coefficient of heat loss and correcting 


by a small rectangle. The error in time cannot be more than 5 of 

a minute. When stimulation ceases to cause a further heat evolution, 
the number of scale di visions between the position of the corrected curve 
for stimulation and the continuation of the line for the resting heat 


heat production was therefore very large, and observations had to be. 


7 E 
— 
ex 
‘a 
> 
‘ 
2 
ag 
* 
. 
we 
Be 
og 
ay 
fy 
N. 
J 
— 
* 
— 
* 


* 


HEAT PRODUCTION OF MUSOLE. 257 


A 2 0-63 14 1-08 | Weighed after esti oxen 
A 4 0-22 16 0-36 therefore 
A 5 042 15 0.57 Values high. 
A 7 0238 14 
A 8 0˙20 11 
A 9 049 15 
412 0-44 19 


Average 0°42 cals. per o. o. Average 78 


errors involved in this method of control by a dead muscle were 
magnified by the steepness of the line of resting heat production, and 
are in all probability extremely large. It is considered to be worth 
while to record the results, as the average is certainly close to that 
obtained by the more accurate methods used for Table II. 

The results are seen to be extremely variable, the wide variations 
may be due either to the conditions of the frogs (they were used at the 
breeding season) or to difficulties of observation. As far as they can be 
trusted, they seem to indicate a fact proved later that heat produced 
during periods of stimulation leading to fatigue is approximately half 
that produced in chloroform rigor upon the fresh muscle. For this, 


Hill found about 10 cal. per c., of which the value 42 cal. appeared 


to be nearly one half, This point however came out b much more clearly 
in the later experiments. 
In the experiments described in Table II. of which examples are 


: given in Figs, 3 and 4, the difficulty connected with the resting heat 


production was minimised and practically removed in most cases, by 
using muscles in the control flask which had been treated in exactly the 


same manner as those prepared for stimulation. In this manner, it 


was possible approximately to balance the resting heat productions 
differentially against one another. Although it was practically never 
possible to obtain exactly similar pairs of limbs, the value of the method 
of control is certain, because of the near e of 558 line for the 
resting heat production to the horizontal. 
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Figa. 3 and 4 representing Exps. 3 and 6, of which the full details 
are given below, illustrate the two extremes of balance obtained in the 
experimerits of Table II. Fig. 3 is one of the best conditions of balance; 
Fig. 4 the worst, It is seen that in Fig. 4, the balance is quite close, 
being in fact closer than any of the curves of Table IL. That the 

Scale 


Divisions}, * 


Fatigue 


“90 100 no 
Orxdlinates - scale divisions of galvanometer. Abscisse=minutes from pithing, 
and decimal points of one hour from beginning of observation. Black rectangles 
ordinates. 
| Upper curve = observed curve of heat evolution. 
Lower curve (dotted)=curve corrected for heat loss. eee 
stimulation is continued as a dark line, being the curve for resting heat production. 
I be rectangles round two observed points represent approximate experimental 
error of reading, the two lines on either side being drawn to obtain the experimental 
error of the observations of heat production. The bracket shows the number of scale 
divisions produced by stimulation. (External temperature curve shows variations in 
tempersture conditions surrounding daring petiod of experiment.) 
iad ae eaten horizontal in Fig. 4 is not due to a bad 
correction for heat loss, is certain from the fact that the weight of the 
muscles used in the control flask was 3 grams heavier in this case, so 
that they would be expected to give a greater heat production and 
cause the direction of the corrected line found in Fig. 3. ; 
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In all the experiments 30 Cc. of Ringer were placed in each flask. 
The small differences caused by differences in volume amount of solution 
in the flasks were not large enough to make appreciable errors. Details 
of one experiment (Exp. 4) are given, the others were performed in 


4 


Fig. 4. Fatigue Bap. 6. For description refer to Fig. 8. The last stimulation period 
ol 6 mins., 8 mins. at current strength 4, and 3 mins. at 8, represents control of heat 
produced by current, 5 
Tax II. Heat production in muscles (April—May), living 
musoles being used as controls. 


1 8 JJ 11 
Exp. gms. gms. nat = Se Div. . 
1 88°65 18˙8 $1 17 7 81 4 93 169 16 9-17˙5 
2 8310 18˙8 28 88 7 55 61 18% 
8 85°4 22°2 83° 186 9 91 5 “91 18°7 18•8-19˙2 
4 33 ˙4 21°2 3 8 8 67 4 68 19˙2 0 
5 27 07 16°5 25 11 5 74 4 90 17°4 16°8-17°2 
7 27˙1 17˙0 25 16 8 81 4 92 178 17-18 
8 377 166 18 8 55 4 7 140 141-147 
Heat production throughout this paper is measured in gram calories, 
+ Volume arrived at by averaging the others, = 
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8. Gig. 8.) Limbs of frogs 1, 8, Limbs of 
frogs , 4, 6, 8(B) for control, 


2 


Total weight of (!) 85-40 gms. oe Total weight of (8) = 85°40 bs. 
Weicht of bones only = 18-20 — Weicht of bones only = 1290 „ 
Weight of muscle = 99-90 Weicht of müsele “30-60 
Volume 88°5 o. o. Volume 31 

Time represents minutes from pithing of the first frog. Dissection took 90 minutes. 

Time Galvanometer reading Time (contd.) Galvanometer reading 

986 220 181 181-5 

99 220 184 128-5 

102 217 Stimulation for 2 minutes at same. 

107 216 188 1156 
211 140 1185 

118 209 147 100 

116 20 Stimulation for 2 minutes. 

119 2050 154 | 107 
Stimulation for 4 minutes. 166 1.03 
Current strength 8. 159 102 
Rate 100 revolutions in 50 secs. Stimulation for 1 minute. 
=800 stimulations in 50 secs. 162 101 ˙5 
216 per sec. Control of heat production not done 

125 „„ in this experiment. 

128 186˙5 


Corvesiton for heat loch Constant k= 160. 

Divisions of an hour represented on the curve for convenience as decimal point 
(Fig. 3.) 
Period of an hour . 1-8 8-4 46 6-7 8-0 9-1-0 10-11 
Value of ordinatemat 219 214 208 141 125 1125 109 1075 102°5 
middle of period | 


(mxk) 81 6'887 BBS 452" 20 1:00 1:75 1-72 1°64 
851 10-86 18-69 18-21: 20-21 22-01 98°76 25:48 27:12 


Value of ordinate at 217 2 207 180-5 115 111 108 105 =: 1015 
end of period (e) . 


219°4 220-7 148-7 188-0. 2818, 180˙5 
x k. 
betwen of simulation and rtng heat produto 
=91 seale divisions. 
Approximate limits of error due to projection 3 


of 2% approximately. 
Calculation of heat production’. 

1° CO, = 332 scale divisions. Mal wight= gun, apse hea = 08, water 
valent of limbs 29 · 4 c. a. 


a ha fh i akon he 
mate value given by Pembrey, Schdfer’s Text-Book of un p. 889. P 
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Temperature ot fiask and contents has been raised Flask contains muscle 
(20-4 ¢,¢,) + Ringer (vol. 80 0. 0.) ＋ heat capacity (14 0.0.) = 29-4 + 80+ 14 75 · 4. 
Hence 22°2 gms. of muscle have evolved heat sufficient to raise 78 ·4 C. e. water 
or, heat production per gm. of muscle during stimulation to fatigue 
= calories =-91 calorie. 

_ Approximate limits of error due to projection of curve of resting heat production 
8894 calories. 

The result given in column nine vary from 62-94 calories per gram 
of musole tissue, falling into two groups. This might seem to indicate 
the existence of two processes. But if two processes did exist, it is 
feared that the method may not be sufficiently accurate to decide 
between them, owing to the experimental error to which these results 
must be liable. The absolute experimental error is difficult to estimate 
as it depends upon (1) an error concerned with the projection of the 
small error of reading the galvanometer (about 2°/,) in the continua- 
tion of the line of resting heat production, amounting on the average 
to 10 % of the total reading; (2) an error introduced by the inadvertent 
cutting of small nerve branches', and damaging of nerves in some cases 
at their attachment to the vertebral column in order to get the piece 
of bone sufficiently small to fit into the stimulation trough (Fig. 25). 
This would produce a low value owing to the inclusion of unfatigued 
muscles in the calculation; (3) small errors in heat gain or heat loss in 
the calorimeter. Therefore taking into account errors (1) and (3) which 
might be in either direction, and the error (2) which must always be 
a low error, it is possible that the low results between ‘6-7 are to be 
attributed to error (2)*. 

As the object was to discover the maximum heat production of 
stimulation to fatigue, the average of 93, 91, 90, 94, 92 = 02 calorie 
will be taken as representing the highest value obtainable in such 
periods of stimulation. | 

It will be remembered that the values for heat production of 
chloroform rigor obtained by Hill varied from ‘7-1'2 cals. per %. 
of frog’s limbs, from which it certainly seemed the case that H.P. of 


1 In getting out the preparation, minute dissection was sacrificed to speed of manipu- 
The experiments below in Table IV further make it probable that the low values 
represent want of fatigue of the muscles used. If two tone processes existed, it would 
be expected that the heat production of chloroform rigor after fatigue, obtained as it is by 
a more accurate method, would also show such division of results. 
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stimulation was not more than of the order of half of the total H.P. of 
rigor. In terms of c.. the above value would reduce to about 6. : 

The next step then, was to determine the H. p. of CHCl, rigor in 
terms of grams of muscle substance. 

This was done upon a large scale in two flasks (kindly lent me for 
the purpose by Mr Hill) which were exactly balanced as regards heat 
loss and in which owing to their size the coefficient of heat loss was 
extremely small. The limbs ten in number after a previous weighing | 
were made up to the required volume (300 c.c.) with neutral Ringer, 
the whole operation being performed as quickly as possible. The limbs 


were removed without dissecting the nerves and the experiment was 


performed as described in Hill’s paper with the exception that dead 
muscles were placed in the control flask. For stirring, the muscles lay 
upon a plate of ebonite to which was attached a glass rod passing 
through a hole in the cork of flask. To avoid any possible error due to 


heat of friction, both flasks were stirred equally. 


Fig. 5 gives the curve of heat evolution obtained in Exp. 9. The 
heat loss was 1 scale division in this experiment. The chloroform 
was inserted at the point marked by an arrow, and after rapid stirring, 
the first reading taken. By a continuation of the curve backwards 
until it becomes parallel to the ordinate, the beginning of heat evolu- 
tion, which takes place extremely rapidly, is taken as occurring at 20, 
the position being marked by a cross. The observed points are seen to 
fall extremely closely upon a curve. 

Heat evolution in scale divisions extends from 20 — +68, 
= 88 scale divisions, 
+1 scale division heat loss - 89 scale divisions. 
Heat capacity of flask=20¢.c. 1° C.=397 scale divisions. 
Total volume of water + limbs + chloroform 10 0. 0.300 0. o. 
Water equivalent of limbs =67°7. 
Volume of limbs =92 0.0. 
Therefore 285 production per gram of muscle substance 


89 
= 597 x = 1-604 cals. 


Tho obtained corrected for heat where wer 


Number of Muscle H. P. Temp. * 
9 80°64 47°46 84 1-69 15 aa 
10 98°20 68°36 105 1-70 185 10 
11 77-18 80 1%: 
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The method of finding the heat production of chloroform rigor 


admits of an accuracy considerably greater than that of experiments in 


Table II, owing to the fact that the experiment is done upon a | 
number of limbs, in a larger flask with a much smaller e 
heat loss; it is seen that the results: for maximum heat production are 
remarkably constant and seem to have eliminated any error due to 
possible variability of tissue utilised. eres | 


Cl, 


Fig. 5. Eap. 9, Table II Heat evolution of chloroform rigor. Ordinates=scale 
divisions, Abscisse=minutes. Arrow represents introduction of chloroform, and 
first reading. The two crosses mark beginning and end of heat evolution, The curve 
passes through the galvanometer zero, making calculation for heat loss unnecessary. 


They average 1°70 cals. per gram. The close agreement of these 
three figures is probably fortuitous. Thus the heat production of 
stimulation to fatigue bears to the heat production of chloroform rigor 
in the fresh muscle roughly the same proportion as observed by Fletcher 
and Hopkins for lactic acid production, 1.6. approximately one half. 

It was shown by Hill that stimulation reduced the HP. of CHCl, 


rigor very markedly. There were therefore grounds for thinking that 
the sum of the H.P. of stimulation and H.P. of rigor after stimulation 
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was not more than the total H.. of CHCl, rigor in the fresh muscle. 
Experiments were done to determine the heat production of CHCl, rigor 
aſter prolonged stimulation. In all the experiments, given in Table IV, 
the limbs were stimulated as in the preceding — for #10 
minutes, at rate of 14-16 per sec. 


un 10 98s 40 5.8 
18 10 75˙5 110 88 99 19 
11 81-52 61-01 75 91 17-5 
1 9 49.20 28-98 87 „„ 
16 10 86-62 58-81 47 -80 175 
17 9 95:96 60-88 70 1-04" 178 


In each of the experiments marked with an asterisk, it was observed that one of the 
large nerves going to one limb of one of the frogs was inadvertently cut. The result is on 
the high side, which is in accordance with expectation. 


The gross variation of these values is ‘80-1°04 caiories per gram. 
The possible error is greater than in Table III, as there is only half the 
heat evolution, and less than in Table II, as the error (1) mentioned 
after Table II above does not occur. Cutting nerves would have the 
effect of giving an error upon the high side, which was observed in 
experiments 14 and 17. Exp. 13 was an earlier one, in which no 
special note was taken of possible nerve cutting. 

An average of the values in Table IV excluding experiments 
14 and 17, which are known to be invalid owing to nerve cutting, is 
87 calorie per gram of muscle. From this it follows that the diminution 
of the value of chloroform rigor for the unstimulated muscle (Table III), 
if there be no other process involved in fatigue than in rigor, should be 
170-87 calories - 8g calorie. From Table II, the heat production of 
fatigue was shown to have a maximum value of ‘92 calorie per gram, 

a value sufficiently close to 88 calorie per gram to make it probable 
that the diminution observed in Table IV is a diminution of the heat 
producing process of Table III. 

With regard to the lower values 61, ‘68, 67 calories in Table II, 
which it was considered could be explained by want of stimulation, in 
experiment 17, where a nerve was cut, 1:04 calorie was obtained. 
170-104 calories would be 66 calorie per gram. It is upon this 
al that I feel that the low values are rere 
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If this be the case, the answer to the second question is that the 
maximum heat production of contraction plus the heat production of 
chloroform rigor in a similarly fatigued muscle is roughly equal to the 
heat production of chloroform rigor in the fresh muscle. For from 
Table II, we have for the maximum heat production of contraction 92 
calorie per gram as an average, from Table IV for the heat production 


sum 1°79 calories is within experimental error of 1°70 calories, the 

value from Table III for the chloroform rigor of the fresh muscle. 

So it would seem that any other change beyond that occurring 

simultaneously with lactic acid liberation must involve only small heat 


In other words it would appear from these results that the processes 
of contraction and those of rigor do make calls upon the same precursor. 

The next question was, whether the presence of a large amount of 
oxygen would upset the relation established above. The experiments 
were made in two ways: ; 

In one the maximum heat production of fatigue was estimated and 
the muscle transferred to a high pressure of oxygen“ for a time and then 
a further estimation made. Slight evidence of a further heat evolution 
of about ‘2 calorie was obtained in a few experiments, but the method of 
indirect stimulation was not found applicable owing to the difficulty of 
keeping up the effect of the nerves in the muscle. 

In the other method, the muscles were placed in the Ringer's fluid 
previously saturated with oxygen, under pressure, and oxygen was 
bubbled through the fluid for a time,. depending upon the continuance 
of the effect of the nerve in the muscle, the maximum being 14 hours,— 
the muscles were then removed and the heat production estimated as 
quickly as possible. 

It was not possible to reduce the period from the time of removal of 
the muscle from the O, pressure to the time of observing stimulation 
to less than 20 minutes, 10 minutes for fixing, and 10 minutes for 
observing curve; and sometimes it took longer to attain settled con- 
ditions in temperature of the flasks. The results of these experiments 
were: | 
1 A method of avoiding this contingency by estimating the heat production of chloro- 
form rigor after fatigue upon the muscles in the actual flask used for determining the 
heat production of stimulation I tried at first, but was obliged to abandon as the errors 
involved in measuring the slow heat production of chloroform rigor in the apparatus 
2 The pressure of oxygen used was one atmosphere. 
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TaBLE V. 
ie Stim, H. P. 
Stim. rate of No. Heat 
8 18 90 2729 172 #27 16 76 4 886 14 138˙8-140 
10 19 50 3067 2 20 40 4 67 130-140 
7 20 45 190 «22875 11 4 786 188-148 
6 2 60 27:19 1625 245 16 7 ĩð 4 158 160 


It will be seen that the heat production per gram of muscle varied 
from 70-94 calories, which is not greater than the value obtained for 
muscles which had not been treated with oxygen. | 

The experiments indicate that the muscle cannot store oxygen but 
are not decisive; since the pressure may not have been sufficiently high 
to drive the oxygen into the muscle substance, or the time necessarily 
elapsing between the estimation of the heat production and the removal 
from the pressure bottle, may have allowed the escape of any oxygen 
that had penetrated the muscle substance. So far as the experiments 
can be trusted, however, they seem to indicate that the muscle cannot 
store oxygen as such, a conclusion which has been reached by other 
observers. An experiment of the nature of those in this paper, but 
employing direct stimulation, should be able to settle the question 
definitely, 

Production of lactic acid. As was stated above, it was shown by 
Hill that there was a close relation between the production of lactic 
acid and the liberation of heat. Now it was shown by Fletcher and 
Hopkins that there was a maximum production of lactic acid varying 
in different months between about 35 55% (measured as Zn lactate) 
in summer, 4% approximately. When they stimulated to fatigue over 
varying periods of time and for different strengths of current, they 
obtained values for fatigue of about half those obtained in total rigor. 
To quote their words, The average percentage yield is 216 ½, of which 
the highest yield was 28 %, the lowest 147 , and 13 of the determina- 
tions lay between 1825 %, One experiment in which stimulation 
through the sciatic plexuses was employed, gave a yield of 203 %.“ 

In the introduction to this paper, it will be remembered that one of 
the objects in view was to establish further the fact that any process 
tending to liberate lactic acid in a muscle tended to liberate heat, 
which has been confirmed by the values for heat production obtained. 
‘Still further another point would seem to be established, namely, that in 
contraction heat production and lactic acid liberation are extremely 
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intimately connected, for in each case, that of the heat production and 
the lactic acid yield, we obtain about e the maximum yield of 


chloroſform rigor. 


It remained still to prove that the ee of indirect stimulation 


in this paper did yield about half the amount of lactic acid; in order 
to confirm or disprove this, muscles were prepared and stimulated in 


exactly the same manner s in the experiments, so as to afford the 
same amount of handling as far as possible. In the estimation of the 
lactic acid it is not possible to balance the resting lactic acid production, 


and that due to handling etc., as in the experiments upon the heat 


production, and therefore an experiment was done to test the order of 


lactie acid formation in limbs unstimulated, but handled as in the ex- 


periments. As far as the experiments go, they confirm the application 


of this paper to the results of Fletcher and Hopkins. 


In the estimation of the lactic acid, I have received much help from 
Drs Fletcher and Hopkins, and have used their method as far as the 
ether extraction, that is to say, grinding in ice-cold alcohol, allowing to 
stand, squeezing through muslin, evaporating, taking up in water, and 
boiling with charcoal. After obtaining the filtrate from the charcoal, 


I used C. G. L. Wolf's method of total extraction with ether in some 


cases and that of Fletcher and Hopkins in others. 
After some of the total extractions, the reside was treated with lead carbonate before 


the zinc carbonate to ensure additional purity. 


TasLe VI. Lstimations of lactic acid. Temp. 17-19° C. 


Bp. Koo No, of Height of Weight of Zn lactate 
22 


Condition - limbs muscle % Remarks . 

8 Resting 1 6278 2447 11 — olf). Treated 
3 10 Stimulated 5729 632˙54 29 Do. 
24 10 67°22 8466 22 Extraction Treated 

28 10 ” 58-76 26°09 ” 
26 10 1 98-07 5453 24% Extraction (Fletcher and 
1 10 n 73°42 48°70 55 Extraction (Wolf). Treated 


extracted with alcohol and added to the main muscle extract. 


* This Zn lactate 
good agreement with their results. 


1 Dr C. G. L. Wolf has not yet published the detail of this method. I have to thank 
him very much for his help and for the loan of his apparatus for the extraction. — 
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In all cases where stimulation was employed, rate was 14-16 per sec. 
and stimulation at intervals for a total time of 5-10 minutes. 

The results are of the same order as those of Fletcher and 
Hopkins, but slightly on the high side. This is what would be 
expected, taking into account the total ether extraction employed in 
most cases, and in the case of the stimulated muscles, the necessary 
handling in dissecting out the preparations. In Exp. 22, there is an 
attempt to form some idea of the amount of acid that may be present 
in muscles, which have been treated exactly as in Exps. 23, 24, 25, and 
26, with the exception that they have not been stimulated. The yield 
of acid is seen to be rather high, especially when compared with the 
resting minimum of Fletcher and Hopkins of 02°/,, but it must be 
remembered that the latter was obtained by placing the frogs after 
pithing upon ice and cutting off the limbs while cold, whereas in the 
experiments in this paper the muscles were _— in a e 
condition for subsequent stimulation. 


Discussion of Results. 


It has been seen that the maximum heat production of 1 


d a condition of fatigue in an excised frog’s muscle is not (as might be 
perhaps expected) considerably larger than that of chloroform rigor in 
the fresh muscle, but is in fact about one half of its value; and further 


the heat production of the chloroform rigor in the fatigued muscle will 


account for the other half of the heat production, so that contraction 
seems to make calls upon the same process as does the condition of 
rigor. 

The ratio of the heat production of fatigue to that of e 
rigor,—one of approximately one half,. would seem to have an interest- 


ing connection with the experiments of Fletcher and Hopkins upon 


lactic acid, in which they found a ratio of the same order. The relative 
constancy of the ratio would seem to merit further investigation, as it 
is possible it is dependent upon some property of the muscle. Also 
I have observed in these experiments a point which Dr Fletcher 
has told me that they observed in their experiments upon lactic acid 
production, namely that upon reaching a certain point of fatigue—a 
point which was reached extremely quickly—further stimulation seemed 
to be without much influence upon the heat production. At first, I 
noted most carefully that the first periods of stimulation and second 


etc. should agree in duplicate experiments, but later I found that 


provided the stimulation had taken 4-6 mins. altogether, the greatest 
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part of the heat production had always appeared. This ‘cenit 
appearance too seemed in many cases to be before the complete cessation 


of irritability ; a suggestion of the same fact, Dr Fletcher has told me, 


was observed by them for lactic acid production. 

Another point which has appeared in every curve of heat production 
obtained in this paper, is that over the time during which the heat 
production is observed (it appears in Figs. 3 and 4), equal amounts of 
heat are not obtained in equal periods of stimulation, approximately 
80°/, of the heat appears in the first 2-3 minutes of stimulation. In 
the curves of liberation of the substances causing contraction and rigor 
therefore, there seems to be a difference between liberation leading to 
contraction and leading to rigor, in the former case the liberation is 
more or less exponential, in the latter linear. This character coupled 
with the other observations in the paper makes it probable that the 
second explanation of Fletcher and Hopkins? for the fatigue ratio of 
lactic. acid is the true one, namely that the “lactic acid of fatigue 
stops short, self-impeded at a relatively low level.” The exponential 
character of the heat production of stimulation would admit of the 


possibility of this ‘self-impeding’ being due to the accumulation of 


the substance (? lactic acid) causing contraction in a small place, the 
cessation of liberation arriving when the acid had reached the highest 
concentration possible at the place of liberation. In the end, the 


liberation would be infinitely slow. A simple explanation of this 


character, however, would not explain the splitting off of acid during 
the onset of rigor, in which the relation is a linear one. In this con- 
nection, the work of Embden and Kondo’ is suggestive, in which they 
show that the production of acid seems to be dependent upon the 
hydrogen ion concentration of the muscle juice. Mines has pointed out 
that the liberation of acid probably takes place in extremely localised 
positions, from which it diffuses away into the general substance of the 
muscle, or is removed from the positions of action. 

A further point arising from this paper, which needs discussion, is 
whether the heat which has been measured is solely a heat production 
concerned with the appearance of lactic acid. That lactic acid is the 
main body appearing in the process of contraction, we know from the 
work of Fletcher and Hopkins; and therefore that the heat must be 
concerned mainly with the lactic acid, it is possible to say with a fair 
degree of certainty, but until we know that nothing but lactic acid 


1 Fletcher and Hopkins. Eats Journal, x3x9. p. 281. 1907. 
2 Biochem. Ztsch. XIV. p. 69. 1912. 
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appears in contraction and rigor it does not cn possible to say et 


the heat is concerned solely with the lactic acid that appears. 
Hill’ has given some evidence to show that in the presence of 
oxygen the heat. production for short periods of tetanus occurs in two 
stages. If we accept the view that the process leading to contraction 
occurs in two stages, one the breakdown of a precursor (A) to the 
substance (B) causing contraction, the other the removal of the sub- 
stance (B) causing contraction from the point of liberation, the two 
stages of heat production, as Hill suggests, will measure (1) 4 B and 


(2) removal of B. Stage (2) occurs according to his view only in the 


presence of oxygen. If the experiments in this paper are correct, and 
the muscle cannot store oxygen, but only makes a contemporary use of 
it in preparation for a subsequent contraction, a view that has been 
substantiated by the experiments of Verzär upon the time relations of 
the oxygen removal from the blood supplying a contracting muscle (as 
mentioned above) it would seem that the heat production measured by 


the methods of this paper for periods of contraction, has been that of : 


stage (1) only. 


SUMMARY AND CONCLUSIONS | 
With a view to testing current hypotheses of muscular contraction, 


from the standpoint of heat prod uction, especially as to whether the 


processes of contraction and rigor call upon the same body as precursor, 
Hill’s differential calorimeter bas been modified for the purpose of 
measuring the heat produced during the indirect stimulation to fatigue 
of frog’s limbs through the sciatic plexus. The conclusions which have 
been reached are that : 

1. The heat produced during the indirect stimulation of frog's 
muscles to a state of fatigue in atmospheric air has a maximum value 
approximating to 0°9 cal. per gram of muscle tissue. The heat liberation 
is roughly exponential, about 70-80 ‘fe being liberated in the first 
2 mins. of tetanus. 

2. This quantity bears a ratio of about one half to the heat produced 
in the rigor caused by the poisoning action of chloroform upon the 
muscle substance, for which a value of 1.70 cals. per gram is obtained. 

3. The heat liberated in chloroform rigor induced after. indirect 
gram. 
4. v. Hill. 
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4. Thus the sum of the heat produced during such a contraction, 
and the heat produced after it by chloroform rigor, is approximately equal 
to the heat production of chloroform rigor in the fresh muscle. This 
result confirms the argument, from the lactic acid and heat production 

in rigor and contraction, that no processes of importance arise in the 
production of rigor other than are involved in muscular contraction. 

5. Estimations of the lactic acid produced under the experimental 

conditions of the heat measurements agree with those of Fletcher and 
Hopkins for fatigue and rigor. Hence the heat production and lactic 
acid liberation are extremely intimately connected. 

6. By exposing the muscle to pressures of one atmosphere of 
oxygen for one hour before the experiment, some evidence shows that 
the heat production of contraction is not increased. 


Besides the thanks which I have expressed in the paper I should 
like to express my warmest gratitude to Mr A. V. Hill for his kind 


help throughout this research, and to Dr Fletcher for his most helpful 
criticism. 


(The expenses of this research have been defrayed in part by a gram from the Thruston 
Memorial Fund, ff) 
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A SIMPLE METHOD OF CALIBRATING THE DIF- 
FERENTIAL BLOOD GAS APPARATUS. By PAUL 
HOFFMANN, MD. (Wirzburg). 


(From the Physiological Laboratory, Cambridge.) | 


THE following method, which calls for no apparatus other than what is 
usually at hand in the laboratory, has been found to be simple, reliable 
and rapid. Its purpose is to find the relation between a small increment 
in the quantity of gas in one of the blood gas bottles and the resulting 
difference of pressure observed in the manometer. 

Attached to 4 the top of the differential apparatus by a piece of 
rubber pressure tubing is a small curved piece of capillary glass tubing B. 
_ To this, in turn, is attached a 1 cc. pipette O graduated accurately in 
1/100 cc. The pipette hangs vertically and its lower end is joined by 
a piece of thin walled, narrow rubber tubing, to a piece of glass tubing 
D. The O and D are partially filled with water and O at all events 
should be immersed in the water bath. 

The principle of the instrument is that by raising D a quantity 
of air which may be measured in C is introduced into the apparatus 
(instead, as in the chemical method of calibration «, of being liberated in 
the apparatus), and the resulting difference of pressure is observed. If 
v be the volume of air introduced and p the Pressure observed, then 

In practice & has been found to be constant for values of v from 
25 C. up to 40 c with an apparatus the bottles of which were about 
30 c.c, in capacity. 


Apparatus 26. (e. mm.) 258 267 414 379 
p (mm.) 66°0 67°0 105°6 96°5 
k 8-93 8-94 8°98 
Axparatus 20. (em.) 279 450 897 280 199. 
p (mm.) 70°8 1145 78˙0 50-0 
k 397 3-8 3˙96 
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‘ In considering the constant E, it must be borne in mind that the 
‘ volume of the air in the apparatus as used includes that of the air 
1 between the tap and the surface of the fluid in the pipette. This extra 


volume of air tends to make the difference of pressure observed smaller 

than it would have been if the same quantity of gas had been evolved 

| inside the apparatus with the taps shut. In order to understand the 

N error which is introduced by this dead space, the theory of the apparatus 


— 

— 


1 


Fig. 1. 
must be recalled. If V is the volume of the air in cubic mm., P the 
height of the barometer in mm. of clove oil (that being the fluid used 
in the manometer) and a the sectional area of the manometer tubing, 
v=p (5+) or (Ye). 
In the present case, added to V we have V’, the dead space. 
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Ve P may be taken as 10,000, 


The only measurement necessary is that of V’, the dead space. 
This may be done simply by closing the tap measuring the space by 
Boyle’ s Law, by raising D and noting the decrease in the volume of the 
air in O and the difference in load of the menisci; pressure = 600 mm., 
dv = 92 c mm., dead space = 1620 c.mm. 

If D is also a pipette, the dead space may also be determined by 
actually filling the dead space with water and noting the amount that 
bas run out of D. Measured this way it came to 930 cmm. Therefore 
10,000 as P, 


K=k--008=8°92 
=8-83 as constant of Bottle 26. 


A comparison of the results of this method with those of the hydrogen 
peroxide method of Barcroft and Burn d, and * the method of 
Higgins are for apparatus 19 and 20. 


Bottle 20. 
Homann 's method 8°61 886 885 885 885 Mean 8-64 
H,O, method 370 884 862 Mean 3°82 


Higgins’ method 8°76 


The method therefore agrees with Barcroft and Burn’s method and 
is higher than Higgins’ method. This result confirms the deduction 
made by the former authors that Peters’ results for the specific oxygen 
capacity of hemoglobin« as published by him are too low, the true 
figure yielded by his determinations being 401. 


Finally I wish to express my sincerest thanks to Mr Barcroft, for 
introducing his methods to me and for his kind advice and criticism. 


) Barcroft and Burn. This Journal, v. p. 498. 1918. 
(2) Barcroft and Higgins. Ibid. H. p. 512. 1911. 


(3) Baroroft. Ibid. In. p. 13. 1908. 
(4) Peters. Ibid. p. 181. 1912. 
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2 A NOTE ON SOME FACTORS WHICH DETERMINE 
; THE BLOOD-FLOW THROUGH THE CORONARY 
‘CIRCULATION. By JOSEF M. D. Pu. D. 
a AND ERNEST H. STARLING. 


(From the Institute of Physiology, University College, London) 


W methods have been employed for the investigation of the 
coronary circulation. Bohr and Henriqueza judged of the amount 
of blood flowing through these vessels by comparing the total outflow 
= through the aorta and the pulmonary artery respectively in a heart 
| fed for a few minutes with defibrinated blood. Brodie and Cullis, 
as well as Wiggers@, employed excised hearts perfused with Ringer’s 
fluid. Langendorff and Cow® examined the behaviour of strips of 
the coronary artery immersed in Ringer's fluid. Meyer@ determined 
the outflow from a cannula placed in one of the superficial coronary 
veins. Of the methods so far adopted it seems to us that the best is 
that devised by Morawitzm. This observer catheterises the coronary 
sinus in the living heart. For this purpose he has had constructed 
a double-walled cannula with a bulbous extremity which enters easily - 
the coronary sinus. Just behind the bulbous end is a hole com- 
municating with the outer chamber of the cannula. Over this hole is 
a ring of rubber membrane. Fluid can be forced through a side tube 
into the outer chamber so as to distend the rubber ring. The cannula 
is inserted through the right auricular appendix, escape of fluid being 
11 prevented by tying the tip of the appendix tightly round the stem of 
the cannula. The introduction of the cannula into the coronary sinus 
presents no difficulty, and its end can be felt and seen as it enters the 
thin-walled sinus. When it has been introduced the rubber ring is 


a , distended, thus fixing the cannula firmly in the mouth of the coronary 
45 sinus. The other end of the cannula has attached to it a tube which 
“a passes through the right thoracic wall. From this tube the blood drops 


either into a measuring cylinder or on to some volume counter. Of 
course it is necessary to prevent coagulation of the blood by the injection 
EH. XLVI. 18 
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of hirudin. When applied to the heart in situ this method of Morawitz 
enables conclusions to be drawn as to the influence of different factors 


on the blood-flow through the heart muscle, An analysis of these 


changes is not however easy, since it is difficult to dissociate the direct 
effects of a drug, ag. adrenalin, on the blood vessels and the indirect 
effect it may produce by rise of blood-pressure or alteration of other 
conditions of the heart. It seemed to us that this method was 
admirably adapted for investigating the coronary circulation in. the 
heart lung preparation employed in this laboratory, in which complete 
control can be exercised over the arterial pressure, the venous pressure, 
the venous inflow and the temperature of the heart. Prof. Morawitz 
very kindly placed at our disposal several coronary sinus cannule made 
to his instructions by his mechanic. | 

Methode. All our experiments were carried out on medium sized 
dogs, varying from 6 to 10 kilos in weight. These were anesthetised 
as usual with morphia and A. C. Ek. mixture and a heart lung preparation 
made as detailed in Knowlton and Starling’s paper@. The side 
branch from the arterial cannula was connected with a mercurial 
manometer, the excursions of which were recorded on a kymograph. 
The total outflow from the venous end of the apparatus, 1.¢., the output 
of the heart minus the blood flowing through the coronary arteries, was 
measured in some cases by a syphon Stromuhr@. In other cases it 
was allowed to flow into a graduated cylinder and the time taken to 
collect 25 or 50 Cc. determined by means of a stop-watch. When the 
heart lung preparation had been made, a Morawitz cannula was 


introduced into the coronary sinus. The blood flowing through the 


cannula was received into a beaker and returned to the venous 
reservoir every few minutes. The coronary outflow was determined by 
receiving the blood into a measuring cylinder and finding the time 
in seconds required to collect 10 or 25c.c. When we wished to intermit 
the observations for a time, the tube from the coronary cannula was 
connected with a side branch of the tube leading from the venous 
reservoir to the superior vena cava, so that the coronary blood could 
take its normal course into the right auricle. The presence of the 
cannula in the coronary sinus seemed to cause little or no disturbance 
of the heart's action, and the heart continued to beat normally and to 
maintain normal blood-pressure and normal outflow for two to four 
hours, which was as long as was necessary to make the series of 
observations in any given experiment. In some cases the rubber ring 


occluded partially or completely the opening of the posterior cardiac 
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vein into the sinus. The result was the production of a infanet Hanited = 
to the ventricular and auricular walls in the immediate neighbourhood 


5 of the opening of this vein. 


1. from the corcnary, to 
the total flow through the coronary arteries. - 
Morawits was of the opinion that by his method the whole of the 
coronary blood was conducted outside the heart, so that in determining 
the outflow from the cannula one was determining the total blood 
supply to the cardiac muscle. It must be remembered that the large 
posterior cardiac vein opens into the coronary sinus close to its orifice, 


0 that if the cannula is introduced some way into the coronary sinus it 


may miss the vein altogether. In other cases the vein may be partially 
obstructed, and it is doubtful which side of the obstruction the blood 
will flow into the coronary sinus. Besides this large vein there are some 
small cardiac veins opening into the right auricle, and the veins of 
Thebesius which open directly into the right ventricle. The outflow 
therefore could not represent the whole of the coronary flow, although 
we imagined that it would represent all but a very small fraction. It 
was necessary however to make certain of this point. The question was 


therefore investigated by one of us with Dr Evans, and the experiments 


have been described more fully in another paperoo. The result was to 
show that a very considerable proportion of the blood passing through 


the heart is not collected through the coronary cannula but passes by 


other ways into the right auricle. The exact proportion varied in dif- 
ferent experiments. The outflow from the coronary cannula was always 
greater than half the total flow through the heart muscle and was 
generally less than two-thirds. On the average we may say that three- _ 

fifths of the coronary blood is collected by the coronary cannula and 
about two-fifths is missed by this method. In dealing with the influence 
of various factors on the coronary circulation it is therefore essential to 
know whether these two fractions of the coronary circulation are altered 
proportionally or whether the flow through the coronary sinus may be 
altered independently of the flow through the other ehannels into the 
right side of the heart. 

In order to decide this question the heart of another dog was fed 
through the aorta and coronary arteries from an ordinary heart lung 
preparation, by means of a side branch running off from the arterial 
cannula close to its connection with the innominate artery. Cannule 
were inserted into the pulmonary artery and into the coronary sinus of 
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the fed heart, the former giving the total flow through the coronary 
vessels, minus that through the coronary sinus, while the latter gave 
the flow through the coronary sinus only. The arterial blood-pressure 
in the heart lung preparation was kept at 80 mm. Hg, and the 
temperature varied between 348 and 36˙4 C. It will be seen from the 
following figures that the ratio of the blood passing by the cannula in 
the coronary sinus to the blood collected by the cannula in the 
pulmonary artery was approximately constant throughout the experi- 
ment, although considerable alterations were produced in the total flow, 
first by the injection of adrenalin, and secondly by the induction of 


asphyxia. 


TABLE I. 

Outfl Ratio of pul- 
0 84-0 50 

207 11°9 87 
36·0 28 ·˙5 11 ˙9 
86-4 11°9 56 
Adrenalin administered. 
15 86 ·4 84˙5 21·˙6 62 
17 36˙2 23-2 
20 86-0 B66 64 
21 = Asphyxia begun. 
85°5 21°5 62 
285 36-0 37 ˙0 66 
27 86 ˙0 43°7 66 
30 360 89°5 60°0 67 
81 85˙7 111˙0 66˙5 60 
32 Oiroulation fails. 


We thus see that although in this experiment the total circulation 
through the heart varied from 32 to 177 c.. in a minute, the ratio of 
the blood flowing through the sinus to the blood flowing through the 
other vessels of the heart varied only between ‘51 and 67, and if we 


take the mean of the ratio during the different periods, the difference is 


still smaller. 

We may then take the flow through the cannula as accounting for 
at least three-fifths of the total flow through the heart and as showing 
variations under different conditions, which apply equally 1 to the other 
9 blood is not being collected. 
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2. The influence of the arterial pressure on the coronary circulation. 

The coronary flow is extremely susceptible to changes in the arterial 
pressure. In a number of experiments which had previously been 
carried out in this laboratory the arterial pressure had been purposely 
left low in order to spare the heart, as we imagined, as much as possible. 
The experimental results which follow show that under these circum- 
stances the blood- flow through the heart muscle was very small and in 
fact insufficient for its needs. We therefore advise that in all cases 
where this heart lung preparation is made use of, the arterial resistance 
should be adjusted so as to maintain an average pressure of 90 mm. Hg 
in the innominate artery. The results obtained in various experiments 
on hearts of different sizes are shown in the following tables. | 


Taste II. 
1. alll the experiments the temperature was kept between 84° O. and 30 C. 
Exp. I. Exp. II. 
6 _ Arterial Coronary Arterial . Coronary 
on 
2; 75 
12 115 
14 140 
18 72 
21 110 
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From the above tables it will be seen that the increase in the 
coronary flow caused by raising the arterial pressure may give rise to 
an appreciable modification of the total outflow from the aorta. The 
outflow from the aorta in fact does not represent the total output of the 
heart. We must add to this outflow the coronary flow. If the total 
outflow from the aorta, or the ventricular output, is small, the coronary 
flow may form a very considerable fraction of the total ventricular 
output. In the last two columns of the tables from Exps. III and IV we 
therefore give the probable total coronary flow’ obtained by multiplying 
the flow from the coronary cannula by g, and the total cardiac output 
obtained by adding this figure to the output directly measured on the 
venous side of the arterial resistance, i. e., the amount of blood which 
flows through this resistance into the venous reservoir. It will be seen 
that we can never speak of any relationship between the total output 
of the heart and the total coronary outflow. If the heart is in good 
condition its total output depends entirely on the venous pressure, i. a., 
on the amount of blood available to fill it during diastole, and the 
pressure at which this filling takes place. The coronary flow on the 
other hand is independent of the total cardiac output and depends 
solely on the pressure obtaining at the root of the aorta. Of course in 
the whole animal the pressure in the aorta will be largely determined 
by the venous filling of the heart, and venous filling and arterial 
pressure will therefore alter more or less together. But there may be 
wide divergences between these two conditions, since the chief factor 
in the arterial pressure is the amount of resistance which the blood has 
to overcome in the arterioles. In Exp. III, taken from a small dog, the 
total coronary flow, even under high arterial pressure, was not equal to 
the amount of blood flowing through the systemic resistance, though 
even here the total coronary flow was 160 in the minute, while the 
amount of blood left over to pass through the peripheral resistance was 
only 223c.c, per minute. On the other hand in Exp. IV, in which the 
heart was large and the venous inflow for so large a heart relatively 
small, the total coronary flow, even at a pressure of 60 mm. Hg, was 
not ever below one half the total output from the left ventricle, while 
under a pressure of 100 mm. Hg the total coronary flow rose to 250, 
while the flow of blood through the peripheral systemic resistance only 
amounted to 70 C. per minute. A comparison of the figures showing 
the systemic output, de., the amount of blood which is forced through 

1 It is remarkable in Exp. III how constant this total is under different pressures ; 
much more so than the output as measured by the flow through the peripheral resistance. 
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the artificial resistance, with the total output in the last column, as 
calculated by adding systemic output and total coronary flow together, 
will show what a considerable fallacy can arise if we take the output 
through the systemic resistance as really representing the chief work of 
the heart. In this case the heart was mainly employed in driving blood 
through its own vessels. It must be noted that the figures obtained 


from the coronary flow in this case were exceptionally high, but a 


reference to the paper ao already published by one of us with Dr 


Evans will show that figures of 100c.c. 3 minute frequently occur 
even in medium sized hearts, 


3. The influence of chemical factors on the coronary ae 


We have used the method described above to determine the 
influence of alterations in the composition of the blood, such as that 
produced by injection of adrenalin, by administration of carbon dioxide, 


and by asphyxia, on the coronary circulation. 


(a) Effect of adrenalin. The effect of adrenalin on the coronary 
circulation has already been often investigated. Most authors have 


found a dilator effect of adrenalin, ¢.g.,Cow, Langendorff, Morawitz, 


Meyer. According to Brodie and Cullis a very minute dose of 
adrenalin causes a decreased coronary flow for 80 secs., followed by an 
increase, and with a still smaller dose constriction only was produced. 
In our experiments we have observed only a dilator effect of adrenalin. 
However small the dose, if we obtained any effect at all, it was one 


of dilatation and quickening of the blood-flow th rough the coronary 


sinus, Thus a dose of adrenalin 1 in 100,000 gave rise to the . 
alteration in the coronary circulation. 
Before the injection 10 c.c. passed in the following times: 
Secs.:—12°8, 18°8. 


10 c.c. was as follows: 
Secs. :—8'8, 86, 82, 10. 


The readings are taken at minute intervals. 
With large doses the effect was more marked, as shown in the 
following experiment. 


Output in cc. per minute by coronary sinus. 
76 100 115 124 124 124 
72 *100 120 120 - 110 *124 103 120 
Au injection of 1 er 2 ¢.c. of 1 in 10, 000 adrenalin was given at the asterisk. 
The same effect is seen in Table I. 
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b Effect of carbon diowide. The effects of carbon dioxide on the 
circulation through the coronary vessels were tested by attaching a 
large balloon containing a known mixture of this gas with air and 
oxygen, and the inlet side of the bellows used for artificial respiration. 
In every case we found that the effect of carbon dioxide on the coronary 
vessels was the same as that shown by Bayliss un and other observers 
in other blood vessels of the body, and the same as its effect on the 
heart itself, namely, one of relaxation or dilatation. The following 
table gives the results of an experiment of this character in which 


a mixture of carbon dioxide, containing about 12°/, of the gas, was 


administered. 
TABLE III. 
0 190 92 
2 00, (about 12 % ) administered. . 
80 150 98 
4 85 43 80 
om 66 50 54 88 
— 66 55 62 82 
9 66 20 15 
10 65 10 89 eh 
11 Administration of CO, discon . 
12 48 10 85 80 
13 78 240 120 82 
14 78 210 100 104 
15 78 270 67 104 
16 78 230 54 92 
17 78 240 47 88 
18 78 240 44 100 


The heart dilated, the systemic output diminished continuously, and 
the blood-pressure, as measured at the beyinning of the innominate 
artery, fell considerably until it was too low to force any blood through 
the arterial resistance. The administration of the gas was then dis- 
continued, its place being taken by ordinary air. The heart rapidly 
recovered, emptying itself of the excess of blood which had accumulated 
in its cavity. With the failure of the heart the coronary flow steadily 
increased, and was at its highest just after the heart had begun to 
recover and had raised the arterial blood-pressure to the height ruling 
at the beginning of the experiment. | : | 

(c) Effect of asphyxia. Still more marked than the influence of 
carbon dioxide is the effect produced by the total products which 
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accumulate in the blood during asphyxia. In the following experiment 
(Table IV) the coronary output was increased, when the heart was 


Taste IV. 

0 110 33 
2 | 85°8 110 38 
8 Respiration stopped. 
O0 110 87 
8 84:8 105 40 
10 84˙9 105 58 
12 84:9 105 67 
14 84:8 92 75 
16 34·8 80 
17 Heart irregular. 


18 Delirium cordis. 
asphyxiated, from 33 at an arterial pressure of 110 mm. Hg to 79 at an 
arterial pressure of 80 mm. Hg. This was in a small heart. A still 


more marked effect is shown in the experiment given on p. 278 


(Table I) where the blood-flow from the coronary sinus rose from 
a normal of 21°4 c.c. per minute to 111 ec. per minute just before the 
circulation failed. In this action of asphyxial blood other metabolites 
than carbon dioxide must play an important part. In fact, we 
may say that whenever the heart is failing, the circulation through 
its vessels is increased, and this increase may be marked even 
when the aeration of the blood is well carried out so that no 
opportunity is allowed for the accumulation of carbon dioxide in this 
fluid. It is probably on account of the accumulation of non-volatile 
metabolites in the blood that the coronary flow tends to increase 
steadily in the course of a long experiment, and for the same reason 
a temporary large flow may be observed at the very beginning of the 
experiment as a result of the partial asphyxiation of the cardiac tissue 
which’ may take place when the circulation is being changed from 


natural conditions to those appertaining to the heart lung preparation. 


Indeed so marked is this influence of metabolites that we should be 
inclined to ascribe the action of adrenalin to this factor were it not for 
the observations of other workers on the influence of this substance on 
isolated coronary vessels. The injection of adrenalin, as Evans has 
shown, enormously increases the metabolism of the heart muscle and 
causes the blood flowing through the heart muscle to be much more 
venous than under normal circumstances. The production of other 
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metabolites must therefore be increased in the same ‘proportion and 
must play their part in bringing about the dilatation of the coronary 
vessels produced by administration of adrenalin. 

This effect of metabolites was also observed by Morawitz, who was 
struck with the increased flow from the coronary sinus which he 
obtained after injecting into the animal the blood collected from the 
coronary sinus. Under these conditions it would seem ‘that the heart 


muscle during its contraction produces special substances e act as 


specific vaso-dilators for the coronary vessels, 


Concxustons. 


1. Morawitz’s method of catheterising the coronary sinus can be 
applied with ease to the heart lung preparation. 
2. The blood which can be collected in this way from the coronary 


sinus amounts to about three-fifths of the total blood flowing through 


the heart wall. | 
3. Variations in the coronary sinus flow are accompanied by 
similar variations in the flow through the other vessels of the heart, so 


that the results obtained from the flow through the sinus may be 


extended to apply to the total circulation through the heart wall. 

4. The coronary circulation is intimately dependent on the arterial 
pressure. Hence it is necessary in an excised heart to maintain a 
normal arterial pressure if the heart muscle is to be properly — 
with blood. 

5. In confirmation of other workers we find that adrenalin causes 
dilatation of the coronary vessels. We have not been able to detect 
evidence of constriction with small doses. 

6. Increased tension of carbon dioxide in the blood causes dilatation 
of the coronary vessels associated with dilatation of the heart. 


7. The most potent agent in causing dilatation of the coronary 


vessels is non-volatile metabolites produced by the heart muscle. By 
this means a local mechanism is supplied by which the heart muscle will 
increase the circulation through itself whenever increased demands are 


made on its functional capacity. In asphyxia the circulation ial 


the heart is at its maximum just before the heart fails eee: 
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EXPERIMENTS ON THE PULMONARY . 
By H. FUHNER Ax D E. H. STARLING. 


(From the Institute of Physiology, University College, London.) 


THE many researches on the blood-pressure in the pulmonary artery 

and its alterations with varying conditions have been carried out chiefly 
on the intact animal. The interpretation of the results has often been 
doubtful on account of the difficulty of determining whether the changes 
in the pulmonary circulation were primary or were secondary to 
alterations in the systemic circulation or in the venous side of the 
heart. It seemed therefore desirable to investigate the circulation 
through the lungs under conditions in which all the mechanical factors 
which determine the heart’s action, aud especially the arterial resistance 
and the venous inflow, could be strictly controlled, while the ventricular 
output and the pressure in both systemic and pulmonary circulation 
could be accurately measured. We have therefore carried out a number 
of experiments on the pulmonary circulation, making use of the heart 
lung preparation described by Knowlton and Starling. 

Methods. Our experiments were carried out entirely on dogs. The 
heart lung preparation was made in the manner which has been already 
described. The circulation through the rubber tubes and resistance 
having been established and the heart beating well against a resistance 
corresponding to a pressure of 40 to 60mm. Hg, the root of the 
pulmonary artery was exposed, freed from the aorta, and two strong 
threads passed round it. The blood flow into the heart was then 
stopped for a short time by pinching the rubber tube coming from 
the venous reservoir. The pulmonary artery was opened between 
the ligatures and a short T-tube, 5 mm. in diameter, inserted. The 
T-tube had a rubber tube with a spring clip on its vertical limb, and 
had been previously washed out with hirudin solution. The T-tube 
was tied into the pulmonary artery by means of the threads previously 
applied. A finger being placed on the further end of the pulmonary 
artery to prevent the entrance of air into the circulation, blood was 
allowed to flow into the heart again. The clip on the T-tube being 
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1 relaxed for an instant, the hirudinised blood filled the cannula and its 
vertical branch. The circulation was now allowed to proceed unimpeded 
through the lungs. The lumen of the cannula was so wide that no 
narrowing of the blood stream was caused by it. If the dogs were not 
too small, there was abundant room to tie the cannula into the pulmonary 
artery without interfering in any way with the semilunar valves, In 
Exps. 3 and 8 however the cannula was inserted rather too near the 

heart, so that it projected into the cavity of the right ventricle and 
a closure of the semilunar valves was impossible. The position of 
the cannula was always controlled at the end of the experiment on the 
excised heart. In Exps. 1 and 4 a cannula was also inserted into the 
inferior vena cava and tied in just below the heart. In all the experi- 
ments except 1 and 4 the second cannula was introduced into the left 

auricle through the left auricular appendix. Here again it is possible 

1 to prevent any loss of blood by clamping the venous inflow into the 

ei beart at the moment when the cannula is being inserted. The pulmonary 


i artery cannula, as well as the venous cannula, was connected by tubes 
: filled with physiological saline solution with water manometers. The 
| excursions of the manometers were observed and noted during the 


experiments, The pressures given in the tables were obtained in this 
way, the zero pressure being always read at the end of the experiment. 
Only a few of the values which are given were inserted afterwards as 
a result of measurement of the curves. To obtain the curves, which are 
reproduced in the figures, the free limb of the water manometer was 
connected by means of a rubber tube with a piston recorder. 
5 The record of heart volume was taken with the simple volume 
: recorder described in the paper by Jerusalem and Starlingw. The 
recorder was connected by means of a rubber tube with the venous 
reservoir, which for this purpose was slightly modified from the form 
described in Knowlton and Starling’s paper. The upper end of the 
venous reservoir is somewhat narrowed to a neck which is fitted with 
a rubber cork. Through this cork was passed three tubes, two short 
and one long. The long tube, which led to the bottom of the reservoir, 
served to conduct the blood coming from the artificial resistance into 
the reservoir, which was kept about three-quarters full. The two 
other tubes did not dip into the blood but ended in the air space over 
it. One of these tubes was connected by a rubber tube with the 
volume recorder, while the other, which was provided with a short 
rubber tube and a spring clip, could be used to introduce air into or 
remove air from the reservoir and so adjust the height of the lever of 
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the volume recorder. Since the volume of the tubes forming the 
systemic circulation of the heart lung preparation can be regarded as 
constant and no considerable alteration is taking place at any given 
time in the volume of the blood contained in the lungs, the rest of the 
blood must be either in the reservoir or in the heart. If the tonus of 
the heart diminishes so that its mean volume expands, blood must run 
out of the reservoir into the heart. On the other hand increased tone 
of the heart with consequent smaller systolic and diastolic volumes will 
empty blood out of the heart into the reservoir. The amount of blood 
in the reservoir varies inversely as the volume of blood in the beart, and 
this can be measured by connecting the air space with the volume 
recorder, If the heart volume diminishes, therefore, the lever of the 
volume recorder marks a rise on the curve, while the curve falls if the 
heart volume increases. This method has the advantage over the use 
of a cardiometer as a method of measuring the mean volume of the 


heart, in that the heart’s action is not impeded in any way by its 


enclosure in a cardiometer. As is well known it is often difficult to 
obtain. an air-tight connection of the cardiometer with the heart without 
at the same time impeding to a certain extent the entry of blood into 
the latter. 

In the heart volume curve shown in Figs. 2, 10 and 11 , interruptions 
are seen consisting of a sharp fall followed by a rise of the lever. These 
excursions are caused by measuring the output of the heart. This 
measurement was carried out by stopping for a short time the flow of 
blood into the venous reservoir and allowing it to flow instead through 
a T-tube into a 25 c.c. pipette. The time taken by the blood to fill this 
pipette was measured by means of a stop-watch. 

In all the figures the following signs are used: 


L.A. Pressure in left auricle. 


V.P, Pressure in inferior vena cava.) These three pressures 
P.A. — | 
volume. 


H. V. Heart 
O. P. Output. 


I, 


~The mean pressure in the pulmonary artery, according to the 3 
collected by Tigersted to, amounts in the rabbit to 12 mm. Hg, in the 
cat to 18 mm. Hg, and in the dog to 20 mm. Hg. In the experiments 
there recorded no essential difference was observed between the pressure 
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in the animal breathing naturally and that in the animal under artificial 
respiration. 

Table I represents the initial pulmonary pressure found in eight 
experiments with a mean arterial pressure of 80 mm. “Hg (in one er 


ment 95 mm. Hg). 


TABLE I. 
Arter. Height Pulm. arter. Ven. cav. inf, Left auricle 
3 — em. cm. H — 
Exp. 1 80 12 19˙0 74 — 

80 7 100 50 
80 13 13 ˙⁰ — 4˙5 
80 12 21°0 76 — 

88 80 10 180 — 76 
3 95 10 22˙0 — 7˙6 
80 10 21-0 — 4˙0 
5 80 7 16˙0 — 1˙8 


1 Cannula in pulmonary artery projects into the right ventricle. 


We regard those experiments as most nearly approximating to 
natural conditions in which the venous reservoir was at a height of 
10 to 12 ems. over the heart. Excluding Exps. 3 and 8, in which the 
arterial cannula projected into the right heart, and Exp. 2 in which the 
pressure in the pulmonary artery, at first very low, became later on very 
high, we obtain from the five remaining experiments a mean value 
for the arterial pressure in the pulmonary artery of 20 cms. water 
= 14mm. Hg. 

It is interesting to note that in the two experiments in which the 
semilunar valves were unable to function, namely 3 and 8, the pressures 
‘measured in the pulmonary artery were somewhat lower than the mean 
result of the other experiments. It would seem that under the conditions 
of the experiments but little alteration is caused in the circulation by 
interference with the closure of the semilunar valves on the right side 
of the heart. On the other hand in Exps. 5, 6 and 7 the mean pressure 
in the pulmonary veins (measured in the left auricle) amounted to 6 to 
7 cms. of water. There is thus a pressure difference between the two 
sides of the pulmonary system of only 14cms. of water. The pressure 
in the inferior vena cava was approximately the same as in the 
pulmonary veins. It is evident however that this difference of pressure 
will vary with the amount of blood which is sent through the pulmonary 
system (cf. below). The question of what we shall regard as the 
average normal pressure depends upon the — en we regard as 
normal for the output of any given heart. 
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2000 H. FUHNER AND E. H. STARLING. 
II. Mechanical alterations in the pulmonary ciroulation. 
(a) Influence of systemic blood-pressure. Most of the previous 
workers on the subject have concluded that the pulmonary pressure 
is only in slight degree dependent on the aortic pressure. According to 
the results recorded in Tigerstedt’s article, the aortic pressure can 
vary within very wide limits without any corresponding alteration in the 
pressure in the pulmonary artery. The relation between the pressures 
in the systemic and pulmonary circulations is not a constant. This has 
been seen already in Table I, where different values were obtained for 


the pulmonary pressure at one and the same aortic pressure. If we 
assume 14mm. Hg as the pulmonary arterial pressure corresponding to 


Fig. 1. From Exp. 1. Effect of alterations in the arterial pressure (brought about by 


changes in the peripheral resistance) on the pulmonary arterial and the vena cava 


pressures. 


an aortic pressure of 80 mm. Hg, the relation of the two is as 1: 57. 
We have however found a much closer dependence of the pulmonary 
on the aortic pressure than have previous investigators. Under the 
conditions of our experiments every considerable rise of pressure in 
the systemic circulation causes a parallel rise in the pulmonary pressure. 
Tuhis relationship in shown in Fig. 1. Here an aortic pressure of 
98mm. Hg corresponded to a pulmonary pressure of 15mm. Hg. 
On increasing the resistance so as to raise the aortic pressure to 


134 mm. Hg the pulmonary pressure rose to 19 mm. Hg, and a further 
rise of aortic pressure to 174mm. Hg caused a rise of pulmonary | 
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pressure to 24 mm. Hg after a temporary rise to 33mm. Hg. It is 


possible that the contrary results of other observers, such as those of 
Bradford and Deanw in which a temporary rise of aortic pressure 
(v. Plate 3 in their paper) from 72 to 230mm. Hg brought about no 
appreciable rise in the pulmonary pressure, may possibly have been due 
to the fact that the rise of pressure in the systemic circulation lasted 
too short a time to allow the rise in the pulmonary artery to attain its 


AV. 


LA, 

Fig. 2. From Exp. 2. Influence of changes in venous inflow. Between the arrows 
the venous reservoir was raised 11 cms. 


full height. In our experiments the relation of aortic to pulmonary 
pressure varied only slightly: at first 6 (do mm) it diminished 


slightly to and finally 

(b) Influence of alterations in venous inflow. Other investigators 
have already shown that an increased blood supply to the right heart, 
such as that caused by pressure on the abdomen of the animal, is 
followed by a rise in the pulmonary arterial pressure, and that a 
diminished blood supply, such as that induced by ligature of the 


inferior vena cava, causes a fall of pressure in the pulmonary artery. 
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In our experiments the blood-flow to the right heart was regulated by 
raising or lowering the venous reservoir. 

Fig. 2 shows how by raising the venous reservoir 11 cms. the heart 
volume increases, and the pressures in the left auricle in the pulmonary 
artery and in the aorta rise, while on lowering the reservoir by the 
same amount the pressures return to their original levels. 

It will be seen that the venous pressure shows only small differences 
during the large alterations in the arterial pressures. 

In Exp. 2 it is worthy of note that a preliminary rise of pressure in 
the systemic circulation from 80 to 126mm. Hg was attended by no 
corresponding rise in the pulmonary artery. The small fall actually 
observed is to be ascribed partly to the insufficient blood supply to the 
right heart in consequence of the low level of the venous reservoir, 
partly to the gradual disappearance of the previous adrenalin effect. 
Later on in the experiment a rise of the aortic pressure from 66 mm. Hg 
to 192 mm. Hg, during a time when the venous inflow was increased by 
raising the venous reservoir, caused a parallel rise of the pulmonary 
arterial pressure. In order to obtain further insight into the conditions 
of the pulmonary circulation the pressure in this experiment, as in later 
ones, was measured also in the pulmonary veins by means of a cannula 
introduced into the left auricle. Here, as in the other experiments, the 
volume of thę heart varied proportionally with the pressure in the 
left auricle, every increase in the mean volume of the heart being 
accompanied by an increased pressure in the left auricle. The artificial 
resistance in the systemic circulation was twice raised to such an 
extent that the left ventricle failed to expel blood into the aorta and 
a considerable distension took place in the left ventricle. This must 
have been accompanied by regurgitation, since that on both occasions 
the pressure for a time in the left auricle rose to a height above that in 
the pulmonary artery. 

The influence of alterations in the temperature was also investigated 
but it was found that alterations in the temperature of the circulating 
blood of 11˙5˙ C., namely, from 28° C. to 39°5° C. exercised practically no 


effect on the pressure in the different parts of the n circulation. 
(Cf. Exp. 3.) 
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PULMONARY CIROULATION. 
Exp. 1. Dog, 11:9 kilos.; heart 91-0 grms. 


Arter. . Pulmon. Venous 
un Ta 00 80 188-204 68-80 
36°6° C. 
11.05 12 80 110 20°8—22°8 6-8— 80 
11.07 12 100 128 21-6—28°6 72— 84 
11.08 12 120 146 7-2 8-4 
11.10 | 140 170 30°0—31°2 76— 88 
11.11 12 60 88 15-6—16'8 72 
11.18 12 20 50 15°2—16°4 6-8— 8-0 
11.15 11 60 88 17.10 7. 8-4 
12 60 88 160-168 80 
11.17 24 60 98 19•6—21·6 7˙2— 84 
11.19 24 100 134 24-0—26°0 — 
11.21 24 140 * 194 44:'8—46'8 96—10°8 
24 140 174 82° 8 6˙8— 8:8 
11.24 24 60 98 17-6—20°4 7˙2 
11.25 12 60 E 156—17°6 6˙0— 6°8 
11.27 12 80 106 17°6—19°6 6-8— 7:2 
11.29 12 80 106 16°4—17°2 64— 7-2 
11.35 — 12 830 1056 — — 
86: 
11,88 12 80 102 20°4—20°8 10°0—10°8 
— 12 80 92 24°0—25°6 16·0—16-8 
11.40 12 80 50 34·8—36·0 21˙8—22˙8 
11.41 12 80 10 20-4—20°8 22°8—23°4 
| 
160 601 
40 40 — 
100 o 
so 
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Exp. 2. Dog, 7°25 kilos.; heart 85°5 grms. Temp. of blood 35—387°C. 
Height Arter. Arter. Pulmon. Left auricle 


Output 
P. of hear 
11.00 70 40 64 8-0—14-0 4:0—5'6 224 
11.06 70 40 64 16°0—20°0 — 2°3 258 
11.10 85 2˙0 40 60 11°2—15°2 -24—-386 166 
11.12 4 40 64 12˙•0—15˙6 220 
11.20 4°5 60—100 80—126 8-0—14-0 0—1°6 208 - 
11,28 Adrenalin 4°5 100 126 20°0—24-0 §2— -6°0 
0°05 mg. 
11,25 45 40 64 16-0—20-0 -~-86—-44 — 

— 4˙5⁵ 40 64 14:0 —18-0 — —— 
11.29 15°5 40 74 22 0—26 -0°4—+04 394 
1131 4°5 40 12-0—15°6 - 08 — 
11,32 4°5 0 20 10°0—14°0 1-2—2°8 180 
11,83 70 0 22 12:0—17°6 2°-4—4-0 166 
11,34 70 40 66 12:0—17°6 0—1°6 281 
11.36 7°0 80 106 12-0—17°6 2-0—3°6 231 
11,39 70 120 14:0—19°6 76—8°8 242 
11,41 70 200 192 32˙0—14·0 42˙0—46· 0 — 
11.44 70 60 92 26-0—30-0 76—8°4 — 
11,48 70 160 176 82-0—40°0 42-0—44-0 — 

70 160 176 42-0—50 0 58·0—60·0 — 
11.50 70 60 88 28 0—32°0 12-0—14-0 — 
12.00 7 60 82 26-:0—30-0 10°4—11°6 — 

100 70 60 82 26-0—292 116-186 — 


2. Diagram of the influence on the aortic, pulmonary artery 
inflow, (3) alterations in peripheral resistance. 
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artery, in the heart lung preparation. 
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III. ‘The influence of chemical on lati 


(a) Asphywia. Fig. 5 shows the typical influence of asphyxia on 
the aortic pressure, venous pressure and pressure in the pulmonary 
In this case the aortic pressure, after a period during which it 
remains level, sinks, at first slowly and then suddenly. It must be 
remembered that the arterial resistance is artificial and is kept constant. 
Alterations in the amount of blood leaving the heart will cause small 
alterations in the arterial pressure as measured near the heart. The 
sudden fall of pressure occurs when the heart is no longer able at any 


ASP 


N. 7) 


s Fig. 5. From Exp. 1. Effect of asphyxia. At the arrow the output 


point of its stroke to force blood through the resistance, so that the 
blood on the arterial side of the system leaks away through the coronary 
vessels, The venous pressure rises continuously. In the pulmonary 
circulation the pressures in the artery and vein (left auricle) take 
a parallel course. During the slow fall of the aortic pressure the 
pressure in the pulmonary artery and vein rises slowly. When the 


sudden quick fall of arterial pressure takes place, the pressure in 


the pulmonary artery rises rapidly and then gradually falls again. | 
Previous investigators have ascribed the rise of pressure which is 


observed during asphyxia in the pulmonary artery to the rise of 
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pressure in the systemic circulation. Our experiments show that it 
may occur independently of a rise in the systemic blood pressure. But 
in either case the causation is probably the same, namely, the failure of 
the left heart to empty itself against the systemic resistance, so that 
the blood accumulates on this side of the heart and creates a resistance 
to the outflow of blood from the pulmonary capillaries. Thus the right 


heart has to contract more strongly and so raises the pulmonary 


ABP 


10 sec. 


Fig. 6. From Exp. 3. Influence of carbon dioxide (15 % Ron the pressures in the 


pulmonary artery, aorta, and left auricle, and also on the mean cardiac volume. 


arterial pressure. Later on the right heart also fails 88 


throughout the heart fall to that ruling on the venous side, which in 
our experiments would be determined by the height of the venous 
reservoir. 

(b) Carbon diowide. The effect of carbon dioxide on the heart 
lung preparation is very similar to that of asphyxia. Fig. 6, taken from 
Exp. 3, shows the influence of the administration by artificial respiration 
of a mixture of oxygen and carbon dioxide, containing about 15°/, of the 
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Temp. 35°: 


11.66 


0°05 mg. + 
: CO, (15 /) 
12.17 60, 
12.19 Temp. 28° 
12. 
12.84 „ 39˙5 


PULMONARY CIRCULATION. ~- 
Exp. 8. Dog, 6-75 kilos,; heart 60-5 grms. 
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1.18 Temp. 38˙5 13 
11.20 Adrenalin 13 
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adrenalin (a), (2) administration of carbon dioxide (CO,). 


Height Arter. Arter Pulmon. Left auricle 
11.06 Adrenalin 
001 mg. 
11.36 Adrenalin q 
0-05 mg. 
12.04 — 00. 300 
12. 10— CC 
12.11 (15 %) 
12.18 Temp. 33° 3 q 
12.15 Adrenalin 238 
— — 319 4 
7·8—10˙8 0-4— 2˙4 119 4 
1˙2— 2-0 127 
8-8—11-2 0-4— 2-4 115 
E. m. a. 
60 
Fig. 7. From Exp. 8. Diagram showing influence on heart volume, output, and 4 
pressures in aorta, pulmonary artery and left auricle of (1) administration of 4 
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latter, Like asphyxia, carbon dioxide causes increased volume of the 
heart, with diminution of the arterial, and increase of the venous blood 
pressure. At the same time the pressure rises in the pulmonary 
circulation, both in the artery and vein. A 

In this experiment before the administration of the strong carbon 
dioxide mixture, one containing only 3°6°/, of this gas had been given. 
During the administration of this weak mixture the preparation was 
still under the influence of a previous dose of adrenalin. As will be 
shown later, the action of these two substances on the circulation is 
antagonistic, but this small concentration of the gas administered for 
three minutes did not bave any appreciable effect on the blood-pressure. 
In Exp. 4 (see below) the influence of carbon dioxide in different 
strengths was tested on a heart lung preparation. Administration of 
20% carbon dioxide caused very rapid dilatation and failure of the 
heart, so that the administration had to be rapidly brought to an end. 
7% had a slighter effect. The output of the heart measured during 
the administration of this latter mixture and during the period of 
diminution of the arterial pressure showed, as might be expected, 
a diminution. 

(e) Adrenalin. The effect of adrenalin on the pulmonary circula- 
tion was tried in Exps. 2, 3 and 4 and is shown in the corresponding 
tables and diagrams. | 

After carbon dioxide had been administered twice (Exp. 4), 0°05 mg. 
of adrenalin (Parke Davis) was added to the blood in the venous 
reservoir. Practically no alteration took place in the arterial blood- 
pressure, i. a. in the output from the left ventricle, but a marked rise in 
the pulmonary arterial pressure was observed, from 24 cms. water to 


50 ems. water. At the same time the pressure in the vena cava sank 
slightly. Worthy of note is the very long duration of the adrenalin — 


effect on the heart lung preparation as compared with the transitory 
effect observed in the whole animal. 0-05 mg. adrenalin causes a rise of 
pressure in the pulmonary artery which lasts twenty minutes. It is evident 
that the conditions for the destruction of adrenalin in the heart lung 
preparation are much more unfavourable than in the intact animal. The 
pressure in the pulmonary artery sank slowly to normal, i.¢. about 18 cms. 
water. Twenty-three minutes later a dose of 0-1 mg. was given which 
raised the pressure in the pulmonary artery from 18 cms. to 68 cms, water’. 

* The values shown after this in Exp. 4 and in Fig. 8 are not quite reliable, since in 


consequence of the great rise of pressure air made its way into the water column of the 
manometer. The later figures therefore can only be regarded as having a relative value. 
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12.16 CO, of 12 


PULMONARY CIRCULATION. 
Exp. 4. Dog, 4:5 kilos.; heart 48-0 


Height Arxter Arter. 
11,00 Temp. 36-0° 12 60 : 
11.085 


80 
80 
11.06 12 4 
(aboat 
11.07 CO,off 12 
11.09 00 12 
(about 7 % 
11.11 CO,off 12 
— Temp. 36-5 12 
11.12 Adrenalin 12 
0°05 mg. 
11.32 Temp.33°5 12 
11.34 Temp. 34-2 12 
11.35 Adrenalin 12 
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ig. 8. From Exp. 4. Diagram showing influence of CO, and adrenalin (a) on 
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Thirty minutes after this large dose of adrenalin, when the pulmonary 
Pressure was practically normal again, a small dose, namely 0°03 mg. 
adrenalin, was given and caused a rise of pulmonary pressure of 20 cms. 
of water. This rise is shown in the curve in Fig. 9, which shows also 

the slight fall of pressure in the vena cava and the absence of alteration 


** 


8 


3 


Fig. 9. From Exp. 4. Influence of adrenalin (0-03 mg.) and of carbon dioxide 


(about 7 9% on pressures in pulmonary artery, aorta, and inferior vena cava. 
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in the arterial pressure. In this experiment, after the adrenalin had 
acted for some minutes, a mixture of carbon dioxide and oxygen, 
containing 7 / of the former, was administered by the lungs. As 
a result the pulmonary pressure fell, while the venous pressure rose 
considerably. On discontinuing the administration of the carbon 
dioxide mixture, the pressure in the pulmonary artery returned to its 
previous level. This antagonism of adrenalin and carbon dioxide was 
shown also in Exp. 3. | 

The effect of adrenalin on the pulmonary circulation has already 
been studied by various authors, though their results are not in 
agreement. This lack of agreement may be ascribed to the fact that in 


most experiments it was not possible to dissociate the effects on the 


Fig. 10. Influence of adrenalin (0°05 mag.) on heart volume and pressures in 
pulmonary artery, aorta, and left auricle. 


pulmonary from the effects on the systemic circulation, as for example 
in the experiments of Velich« and later of Gerhardt@. Gerhardt 
certainly regarded the rise of pressure in the pulmonary artery which 
he observed, as independent of the rise of systemic pressure, while 
Mellin obtained a slight rise or a slight fall in the pulmonary artery 
as a result of adrenalin, In all our experiments we obtained a rise of 
pressure in the pulmonary artery even with so small a dose as 0°01 mg. 
adrenalin, and the effect was in more or less proportion to the dose. 
Farther investigation showed that this rise of pressure was attended by 
a simultaneous fall of pressure in the left auricle. (See Fig. 10.) 
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We cannot therefore ascribe the pulmonary arterial rise to a failure 
of é the heart to empty iteelf and the consequent damming up of blood in 
the left heart. Gottlieb has already shown that suprarenal extract 
causes increase of functional capacity of the heart. At first we thought 
that possibly the fall of pressure in the left auricle might be due to the 
stronger contraction of the left heart and the consequent more complete 
emptying of this chamber at each beat. On measuring the output 
of the heart however it was found that this not only underwent no 
increase but sometimes showed a slight decrease accompanying a slight 
diminution of the arterial pressure as measured at the beginning of 
the innominate artery. The only possible explanation therefore for the 


| Fig. 11. Influence of histamine on heart volume, and pressures in pulmonary 
artery, aorta, and left auricle. 


simultaneous rise of pressure in the pulmonary artery and fall of 
pressure in the left auricle must be a contraction of the pulmonary 
vessels, In opposition to the conclusions of Brodie and Dixon@, 
-Plumierao has already observed a constricting effect of adrenalin on the 
vessels in the isolated lung. In experiments which were carried out by 
one of us (H. F.) on the isolated lung, perfused according to the method 
given by Kvansan, it was found that adrenalin caused definite vaso- 
constriction, and Barbourus mentions that various authors have also 
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observed contraction of isolated lung vessels as a result of the action of 
adrenalin. For purposes of comparison histamine (ergamine phosphate, 
Wellcome) was also administered towards the conclusion of several 
experiments. Fig. 11 shows the effect of 0°5 mg. histamine on the heart 
lung preparation (Exp. 8). 

The blood-pressure in the pulmonary artery rises continuously. 
The heart volume, after a slight transitory diminution, gradually 
increases, and the left auricle shows a corresponding transitory fall and 
then a rise of pressure, The heart however soon fails, dilates, and the 
pressure in. the left auricle rises. We have as yet carried out no 
experiments with smaller and less harmful doses of histamine. 

| SUMMARY. 

1. The mean pressure in the pulmonary artery of the dog measured 
on the heart lung preparation amounts to about 20cms. water 
(14 mm. Hg) with a pressure of about 80 to 100 mm. Hg in the aorta. 
At the same time the pressure in the left auricle and in the vena cava 
inferior is about 7 cms. water. A rise of the systemic blood-pressure 
causes dilatation and increased volume of the heart, a proportional rise 
of pressure in the pulmonary artery, and a similar rise of pressure in the 
left auricle and vena cava inferior. The same effects are produced by 
increased inflow of blood into the heart. On an average the pulmonary 
arterial pressure stands to the systemic arterial pressure in the ratio 
1:6. 

2. In asphyxia the failing heart dilates and the output from the 
left. ventricle gradually diminishes with a consequent fall in the 
arterial pressure as measured in the aorta (the arterial resistance being 
kept constant). At the same time there is a rise of pressure in the 
pulmonary artery, in the vena cava, and left auricle. Later on, as the 
right side also fails, the pressure in the pulmonary artery falls to that in 
the pulmonary vein and vena cava. Similar effects are produced by 
administration of carbon dioxide in considerable doses by means of 
the lungs. 

$. Adrenalin causes diminished volume of the heart, a rise of 
pressure in the pulmonary artery with a simultaneous fall of pressure 
in the left auricle. These effects on the pulmonary circulat@n must be 
due to a contraction of the lung vessels, since even on the isolated lung 
perfused with an artificial circulation, adrenalin produces a rise of 
pressure in the pulmonary artery. 
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THE HEAT- PRODUCTION IN PROLONGED CONTRAC- 
TIONS OF AN ISOLATED FROG’S MUSCLE. By 
A. V. HILL, Fellow of Trinity College, Cambridge. eee 
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CONTENTS. 


Part I. The effects of allowing the muscle to shorten, on the 
produotion of a tetanic contraction . 305 
Part II. The effects of altering the frequency of excitation, on a 
the heat - production of a tetanic contraction 312 
Fart III. The absolute value of the heat - produetion per gram- 
weight of tension maintained, in the prolonged 
isometric contraction of a frog's muscle . 818 


Part I. 


In a recent paper’ I showed that in the single twitch of an isolated 
frog’s muscle, the heat-production is diminished if the muscle be 
allowed to shorten before the maximum tension is fully developed, but 
is unaffected if the muscle be allowed to shorten later. It was con- 
cluded that the heat-production is determined by the length of the 
fibres existing during the actual evolution of the heat, that it is a 
surface and not a volume effect. This hypothesis, which was first 
clearly enunciated by Blix*, is substantiated by very many experiments 
to be found in the literature of the subject, as is clearly shown by 
Frank? in his admirable review. For example, Heidenhain“ showed 
that in an isometric contraction the heat-production is greater, the 
greater be the initial tension, ile. the greater be the length during the 
contraction: and this observation of Heidenhain's I can entirely 
confirm from my own experience. It is particularly valuable evidence, 

1A. V. Hill. This Journal, XVI. p. 448. 1913. 

2 Blix, Skand. Arch, f. Physiol. Lr. pp. 72, 118. 1902. 

30. Frank. Ergebn. d. Physiol. m. 2, p. 454. 1904. 

Heidenhain. Mechanische Leistung, Warmeentwickelung u. Stoffumsat2 b. d. Muskel- 
tätigkeit, p. 98. Leipzig, 1864. Quoted from Frank, op. cit. 
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306 A. V. HILL. 
because it is not likely to be affected by the large and troublesome 


errors, which arise when a muscle is allowed to shorten and to move 
over the junctions’: The experiments of Heidenhain? on isotonic — 


contractions with different loads, the experiments of Fick* on the same 
subject, and indeed all experiments in which the muscle actually moved 
over the junctions during the contraction, are less satisfactory evidence, 
because unless definite precautions be taken to exclude these errors, 
the results may be completely fallacious: by bringing the colder, more 
exposed spots on to the junctions during the process of shortening, the 
contracting muscle may apparently give out less heat when it shortens 
than when it does not, not however for any physiological reason but as a 
simple error of observation. It is obviously of fundamental interest to 
determine the effects upon the heat-production, of allowing the muscle 
to shorten during a tetanic contraction of given strength: to obtain any 
valid conclusions, however, great precautions must be taken to preclude 
the effects of slipping over the junctions. The muscle must return 
exactly to its original position on the thermopile some seconds before 
the reading of the galvanometer is made: and unless some definite 
mechanical arrangement is provided to ensure this, the tone existing in 
a tetanised muscle for several seconds after the end of the contraction, 
will effectually prevent the exact return of the muscle to its original 
position. In all my experiments, therefore, the muscle has been 
released from an electromagnet exactly at the moment when stimula- 
tion began, and has been pulled back exactly to its original length, 
by reestablishing the connection with the electromagnet, directly the 
contraction was over. The maximum deflection of the galvanometer 
takes always five or six seconds to attain, and consequently in a 
tetanus lasting only two or three seconds the muscle has always been 
lying again exactly in its original position on the thermopile, for two or 
three seconds before the reading was taken. In spite of these pre- 
cautions, the first observations, made with a straight thermopile‘, were 
found to be completely fallacious. On one occasion the negative error, 
due to the muscle slipping on the junctions, completely nullified the 
heat-production of the muscle, and no positive deflection was obtained 
at all: the cooling of the junctions, by colder spots of the muscle, was 
never neutralised by pulling the muscle back again. Seeing that it 


«Negative Bee A. v. Hill, op. cit. p. 441, 
Op. cit. 

* Fick and Harteneck. Pfliiger’s Arch. Xvi. p. 58. 1878. 

See A. V. Hill. This Journal, xuvt. p. 28. 1913. 
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was never possible, with the straight thermopile, to avoid, or even to 
estimate the size of this error, the use of this thermopile had obviously 
to be given up. Whether. Heidenhain’s and Fick’s experiments can 
be considered conclusive, when they were unaware of the errors liable to 
be caused by movements over the junctions, I think is very doubtful, 
It was necessary therefore to use a thermopile in which both differences 
of temperature and slipping over the junctions were reduced to a mini- 
mum: and both of these conditions have been secured in the thermopile 


Fig. 1. Gastrocnemius muscle, reversed, in conical thermopile. a, a, a, external junctions, 
imbedded in the ebonite: b, b, ö, internal junctions, in contact with the muscle. 
Cu, Cu, copper leads to galvanometer. 


shown in Fig. 1, the “conical thermopile,” which is a modification of 

the ring-thermopile, and is much easier and more satisfactory to use. 
The conical thermopile, which is internally of the shape of a truncated 
cone, allows the muscle’ to slip up inside until it fits exactly without 


1 Which may, within limits, be of any size, so that one thermopile is sufficient instead . 
of the six or so of various sizes required if one uses the ring · thermopile. 
PH. XLVII. | 20 
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serious pressure: and it covers the muscle almost completely, so that 
exposure to the air allowing radiation and evaporation, with consequent 
differences of temperature, does not occur. The muscle is held so 
loosely in this thermopile that it can move comparatively freely, the 
junctions however are in a circular ring near the top end, so that 
only small amounts of movement over them take place: and, in any 
case, the almost complete absence of exposure to the air prevents 
differences of temperature along the length of the muscle, and 
resulting errors even should slipping actually occur. Using this 
thermopile with gastrocnemius muscles, I have never observed a 
deflection of more than a few millimetres when a stretched and resting 
muscle is released without excitation: while with the straight thermo- 


pile such treatment may cause a negative deflection of some 300 or 


400mm. In a contraction, with shortening, I have moreover never 
observed any negative deflection at all. b 


The thermopile might be profitably employed in investigating the heat - produetion of 
the frog’s or the tortoise’s heart: and I believe that observations made with it may, with 
care, be rendered completely immune to errors due to the muscle slipping over the 
junctions. It can be used in a chamber which is only very imperfectly insulated from 
heat-conduction and air currents. The main objection to it is that the tissue inside it, 
being shielded from the atmosphere, cannot be supplied with oxygen from without: for 
experiments therefore in which the use of oxygen is necessary, the straight thermopile is 
essential. 


In the particular thermopile used in these experiments there were | 


only ten pairs of junctions; the quantities of heat were not small and 
high sensitivity therefore was not necessary. It should however be 
easily possible to construct one, to fit the gastrocnemius muscle of a 
frog, with 20 to 25 pairs of junctions if not more. 

The muscle used—a gastrocnemius—was held at the top by a 


' thread tied to an ebonite rod, and it was connected beneath by a 
thread passing through the floor of the muscle chamber to a piece of 


iron held down by an electromagnet. The iron was held by a spring, 
which raised it rapidly and vertically when the current through the 
electromagnet was broken, and it could be pulled back on to the 
electromagnet when desired, by a string worked by the observer in 
front of the scale. In some of the experiments (eg. Exps. 5 and 6, 
Table I) the muscle was connected by another thread to an isometric 


tension-lever writing on a drum, which lever could be raised or lowered _ 


by a slow-screw motion: thus the muscle might be made to record its 
tension and heat-production in an isometric contraction, after having 
been allowed to shorten any desired length on releasing it from the 
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electromagnet. Thus various stages between a completely isometric 
contraction, and a completely unhindered contraction, were made 
possible. 

The muscle was invariably stimulated directly by i iron wires to ite 
two ends, and the stimulation, which was a tetanus from an ordinary 
stimulating coil, was of accurately adjusted duration, usually of one 
to three seconds, The duration of the stimulus and the release of the 
muscle from the electromagnet were provided for by means of three 
keys, opened by three projecting arms on a uniformly rotating drum. 


The first two keys were (a) a short-circuiting key of the secondary 


stimulating coil, and (b) a key in the electromagnet circuit. These 
were opened at the same moment. The third key was in the primary 
circuit of the stimulating coil. The key (b) was arranged to fall back at 
once, after being opened by the rotating arm, so that the current in 
the electromagnet was broken for only about half a second. This time, 
however, was sufficient to allow the iron tied to the lower end of the 
muscle to be lifted clear away from the magnet by the spring: when 


stimulation was over the iron was at once pulled back by a string 


worked by the observer, and the electromagnet immediately attracted 
the iron again and held it exactly in its previous position. The reason 
for using the gastrocnemius muscle was that, in general, it seems to be 


less easily fatigued than a pair of semi-membranosus muscles, and in 


experiments in which the muscle is subjected to (say) 20 tetanic 
stimulations, each lasting (say) two seconds, this greater immunity to 
fatigue is of some importance. Even with the gastrocnemius, however, 
it is quite essential to eliminate the effects of fatigue: and this I have 
attempted to do, either by making alternate observations of the heat in 
isometric and released contractions, or else, when the muscle is allowed 
in a series of experiments to shorten to various degrees, by repeating 


the observations always in the reverse order. Even two successive 


stimulations cannot be assumed to be directly comparable, because of 
the fatigue change caused by even a single contraction. The stimu- 
lations, in nearly every case, have been practically maximal: otherwise 
one could not be quite sure that the conditions of stimulation were the 
same in the shortened as in the unshortened muscle”. 


ee e could not anyhow be laid to the credit of a diminished stimulus, The 
shortened fibre, by reason of being both shorter and thicker, has a diminished electrical 


resistance: it is therefore traversed by a greater stimulating current, and therefore, if this N 


has any effect, it should give out more heat, and not less. 
20—2 
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Some typical observations' are given in the following table. In 


the experiments denoted by “ isometric,” the iron on the electromagnet 
‘was never released at all: in those denoted by “ released,” the muscle 
was set entirely free to shorten as it pleased. In Exps. 5 and 6 the 
muscle was allowed to shorten to various degrees, before being ae 
vented from further shortening. 


The effects on the heat · production of allowing a tetanised 
muscle to shorten. 


Exr. 1. Gastrocnemius Mosche. Observations were made alternately, ‘ ‘ released ” 
and ‘‘isometric.” 
(a) 0°86 sec. tetanus. 
Heat-prodnction, released 87 76 74 68 
Heat-production, isometric 112 110 10⁵ 


The mean values of the heat - produotion were, released 76, ‘‘isometric” 109. The 
heat-production of a released contraction is therefore 30 % less than that of an isometric 


0°90 sec. tetanus. 
H.-P, released 110 1380 121 1 
H.-P. isometric 226 213 202 

Mean heat-production, ‘‘released” 121, emai 214. Percentage difference 44%. 

(c) 1°81 secs. tetanus. : 
H.-P. released 143 118 1 

n. r. isometric 224 184 

Mean heat-production, ‘‘released” 121, ‘‘isometric” 204. Parentage dierence 41"), 
(a) 41 secs. tetanus. 


H.-P, released 133 94 
H.-P. isometric 182 


Mean heat-produotion, “released” 118, “isometric” 182. Percentage difference 68 % 


Exp. 2. As Exp. 1. 1°35 sees. tetanus. | 
(a) Fresh. 
H.-P. released 89 97 70 
H.-P. isometric 184 122 88 70 


The mean values are 85 and 116 respectively, with a percentage difference of 27 °/,. 


It should be noted that throughout this paper the heat-production of recovery, up to 
the time when the reading of the deflection was made, has been regarded as negligible. 
The recovery heat-production lasts for several minutes, even in oxygen, and these experi- 


ments were made in air: so that not much of it can have occurred in the first 6 to 8 
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(e) Later, stronger stimulus. 
: H.-P. released 63 58 42 38 
H.-P. isometric 80 63 51 


The mean values are 49 and 66, with a percentage difference of 25 „. 
Exp. 8. As Exp. 1. 
(a) 1.36 sees. tetanus. 

u.-p, released 168 160 166 “us 


nu. v. isometric 235 258 254 224 210 


The mean values are 160 and 239, with a percentage difference of 33 %. 


(b) Later, 2°7 secs. tetanus. Stimulus increased after 4th observation. 


H.-P. released 170 142 150 120 98 


The mean values are 136 and 172, with a percentage difference of 21 %. 


Exp. 4. (a) 2°7 secs. tetanus. Mean values 216 and 842. Percentage difference 37%. 
) 4˙1 secs. tetanus, later. Mean values 111 and 136. Percentage difference 18 %. 


Exp. 5. Two gastrocnemii together in conical thermopile: allowed to shorten to 
various degrees, before being held fast, Consecutive observations. 1 sec. tetanus. To 


eliminate the effects of fatigue, the mean values, at every degree of shortening, are also 


given. | 
Amount of contraction,mm. 63 42 21 0 21 42 68: 
Heat-production observed... 230 232 238 253 203 190 171 
Mean heat- production. 200 211 218 2533s — — 


Exp. 6. One gastrocnemius, allowed to shorten to various degrees. Consecutive | 
observations. 1 seo. tetanus. To eliminate the effects of fatigue, the mean values, at 


| every degree of shortening, are also given. 


Amount of shortening, mm. .84 68 -42 
Heat-production, observed 270 248 242 224 216 223 284 245 248 


From the above experiments we see that, when a fresh muscle is 


allowed to shorten freely during a tetanic stimulation the heat-produc- 


tion may be diminished (from what it would be in a similar isometric 
stimulation) by from 30 to 40°/,. In a fatigued muscle the diminution 
may be less, possibly because in such a case the degree of shortening is 


less. Exps. 5 and 6 show moreover that, when a muscle is allowed to 
- shorten through various lengths before being held fast, the heat - produe- 


tion is less the greater be the amount of shortening allowed. It is 
rather striking that the percentage diminution of the heat-production 
in a muscle allowed to shorten is exactly of the same order of quantities 
as the percentage diminution of its length. The muscles used in the 
above experiments were about 22 mm. long, and they shortened 


occasionally as much as 8 or 9 mm.: the diminution in length therefore 
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may have been as much as 40 % of the length. In the case of muscles 
held somewhat more tightly, or fatigued, the percentage diminution in 
length was less. 

The lessening therefore of the heat-production in a tetanic con- 
traction of a muscle allowed to shorten is about equal to, but on the 
whole rather greater than, the diminution of the heat-production 
described in my previous paper’ as due to shortening in the single 
twitch. 

It seems to me that the concordant evidence of these two series of 
experiments, made at different times and with different thermopiles, 
shows almost conclusively that the heat-production is determined by 
the length of the fibre during its actual evolution, and as I have shown 
before is not affected by the accomplishment of mechanical work’. 
This remarkably simple conception of the effects of external mechanical 
conditions, on the energy evolution of a muscle, first put forward by 
Blix“, and later elaborated by Frank“, seems to me to cover all the 
facts: other things being equal, the greater the length of the 
fibre during the actual evolution of heat, the greater in 
proportion is the total heat set free by a given stimulus of 
whatever kind. 

The theoretical bearing of this relation has already been 8 
by Blix‘ and discussed by myself. The heat- production in the muscle 


is localised, not throughout the muscle substance but in the neighbour- 


hood of certain lines or surfaces running longitudinally in the fibre. If 
this be so, the active surfaces must be diminished proportionally by 
shortening, and correspondingly less heat may be set free. 


Part IL 


Tube influence of frequency of excitation upon the amount of heat- 
production in a tetanic contraction was first investigated by Fick“. 
He found that, in an isotonic contraction, increasing the frequency 
increases the heat-production only so long as it increases also the 


height of contraction. When the maximum of the tetanus has a : 


1 A.V. Hill. This Journal, xxv1. p. 444, 1918. 


2 80 far, J..... 
will give out more heat: but this is not because it is doing work on the load, but because 
it is longer owing to the weight of the load. 


2 Op. eit. 4 Op. cit. 5 Op. cit. p. 445. 


* Fick. Beitrige cur Anat. u. Physiol., Festgabe an Carl — Leipzig, 1875. 


Fick’s collected works, n. p. 259. 
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reached, further increase of the frequency of excitation causes no 
change in the heat- production. He found however that the heat- 
production was greater when excitation was so slow that only an 
incomplete tetanus resulted: when relaxation between each pair of 
contractions was half complete, a series of ten contractions gave twice 
as much heat as a tetanus of noticeably greater height lasting for the 
same time. This: observation of Fick’s may have been due to two 
causes: (a) the negative error that seems usually to accompany 
slipping over the junctions was probably greater in the case of the 
greater shortening of the complete tetanus than in the case of the 
smaller shortening of the incomplete tetanus; and (b) when a muscle 
is allowed to shorten (as in an isotonic contraction), the greater the 
average length during the contraction, the greater will be the heat- 
production (Part I). During the incomplete tetanus the average length 
of the muscle was much greater, partly owing to the fact that the 
muscle was not contracted all the time, and partly owing to a smaller 
height of contraction: hence in the incomplete tetanus the greater 
average length during the contraction may have resulted in a corre- 
spondingly greater heat-production. In any case, some such explanation 
as this of Fick’s observations is necessary, for, as Fick himself showed 
and as I shall show below, the much more simple and fundamental ex- 
periment of the isometric contraction proves the facts to be exactly 
contrary to the results he obtained in the isotonic contraction. In 1884 
Fick? reestablished a result he had stated first. in 1874, that in an 
isometric contraction an increase in the frequency of excitation causes 
only an increase in the heat-production, whether the muscle gives 
separate contractions or a complete tetanus. This result of Fick’s I have 
been able, within limits, to establish. In an isometric contraction the 
heat-production increases with the frequency of excitation up to the 
limit when a complete tetanus results: this is shown in Table II, and 
Fig. 2 below. Beyond this limit however any further increase in the 
stimulation frequency, up to 100 per sec., has absolutely no influence 


on the heat-production per unit of tension exerted by the muscle: this 


is shown in Table III below. Further references to previous observations 
bearing on this subject can be found in the article by Frank*, who 
has most critically and justly collected and discussed the W and 
conclusions of the several authors. 


1 Verhandl. d. Phys. med. Gesellsch, 2. Warsburg, N. F. xynt. 1884. Collected works, 
u. Pp. 315. 
2 Op. eit. p. 481. 
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In the following experiments the stimulating agent, whose 8 
of excitation could be varied, has been a rotating commutator driven 
by an A. C. motor. The rate of revolution of this commutator could be 
varied from about 1 to about 50 per second, by means of various sized 


pulleys on the motor and the commutator itself. In the case of the 


stimulation of higher frequency (Table III), the currents obtained 
directly from the commutator have been used to excite the muscle. In 
the case of the lower frequency stimulation (Table II) this method was 
impossible, because the direct stimulating currents of long duration 
short-circuited to some extent through the thermopile and galvanometer 


and caused large rhythmic oscillations of the spot of light. It was 


therefore necessary to use a coil, the primary currents of which came 
from the commutator, and the secondary of which passed through the 
muscle. In every case direct excitation has been adopted, and the 


muscle has been connected to the tension lever described in a previous 


paper’, so as to execute isometric contractions under a moderate initial 
tension. The thermopile used has been the “long straight” one, of 
40 pairs of junctions: and using this, the galvanometer could be made 
comparatively insensitive.. The duration of the stimulation has been 
adjusted by the use of the uniformly revolving drum with two adjustable 
projecting arms. When the coil was used (Table II) the first arm 
opened a key which had been short-circuiting the secondary stimulating 
currents, while the second arm broke the primary circuit: during the 


interval between the opening of the two keys the secondary stimulating — 


currents were exciting the muscle. When the currents from the 


commutator were used directly to excite the muscle (Table III), the 


first arm opened a key which had been short-circuiting these currents, 
while the second arm broke the circuit of the currents. 

Owing to the incidence of fatigue when a muscle is stimulated 
severely several times, each time for two or more seconds, it is necessary 
always to control and allow for the effects of fatigue, a point to which 
Fick“ apparently paid no particular attention. This I have found is 
best done by making a series of observations in both directions: for 
example, when making a set of observations on frequencies 20, 30, 40, 
50 per sec, in order, I have always repeated the observations in the 
reverse order, 50, 40, 30 and 20 per sec., and then calculated the mean 
value for each frequency. In every case therefore I have given the 
actual numbers observed, and then calculated the mean value for each 
frequency. 


? This Journal, XLVI. p. 452. 1918. 


2 Op. cit. p. 815. 
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In dealing with the effects of frequency of excitation on the 
heat-production of an incomplete tetanus, it is necessary to record 
the mechanical changes as well: some typical tension-curves which 
correspond to the experiments given in Table II, are given in Fig. 2: 
corresponding to the experiments I, II, and IV, curves for equal 
frequencies of excitation are given one beneath the other. It will be 
seen that, up to the limit when complete tetanus results, increase of 
frequency of excitation causes an increase of the heat- production. 


Fig. * Curves of tension exerted by an excited muscle. oe 
| 


TARLE II. 
Hfects of frequency of enoitation on the heat-production of an 
incomplete tetanus. — 


The éxperiments I, I III and IV are to be taken in conjunction with the isometric 
tension curves denoted by the same Roman numerals in Fig. 2. 
Exp. I. Observations 2, 3, 4, 5, and 6 in Fig. 2 were taken in order: (2) and (6) were 


with the same frequency of excitation, as also were (3) and (5). Two semi-membranosus 
muscles on long straight thermopile. 


_ frequency is also given. 
| No. of observation . 6 
Interval between shocks: secs, “2: 
The effect is clear, but not very large. 8 


4 
* 
~ 
te 
* 
i 
— 
ve 
* 
= 
{ 
all 
3 
% 
ate 
2 
a 
er 
= 
3 
* 
* 
*. 
* 
z 
aa 
‘ 
5 
bn of 4 
4 
7 
ig 
| 
| 
j 
2 
* 


316 


Exp. II. Observations 11, 12, 18, 14, 15, 16, 17, 18, 19 in Fig. 2 were taken in order: 
11 and 19, 12 and 18, 13 and 17, 14 and 16, were respectively made with the same 
frequencies of excitation. 2 secs. stimulation in each case. : 
Interval between shocks: secs. 0% 185 8 % 75 6 3 15 ‘075. 
Heat-production, s. d. . 958 980 175 147 110 195 140 145 185 
Mean heat-prodaction 194 187 167 186 110 — 

The result of decreasing the frequency of excitation is quite clear and definite. 


Exp. III. Observations 6 to 10: same muscle as Exp: II. Made alternately with 
shocks at intervals of 15 and O75 sec. 2 secs, stimulation. 


Interval %%% 
H.-P. eee eee ) 271 266 230. 185 172 
Mean Tr. 224 2253 — — — 


No difference between the incomplete and complete tetanus. 


Exp. IV. Observations 1 to 7, taken in order, 8 secs, stimulation. In this one exp. 


the insulation of the thermopile happened to be so good that direct currents from the 
commutator could be used to excite. 


1 2 3 4 3 
Interval between shocks 76 41 20 10 20 41 76 


Mean H.-P. eee eee 130 165 205 828 


The increase of — SS 
clearly, and the difference is large. | 


From the above experiments we see that, allowing for the effects of 
fatigue, increased frequency of excitation, up to the limit which results 
in a complete tetanus, never decreases and generally largely increases the 


heat-production of a stimulation of given strength and duration. This 


is as we should expect: the greatest activity of a muscle kept at 
a uniform constant length occurs when it is — to a complete 
tetanus. 

We may therefore turn now to the experiments which show that, 
once a complete tetanus has been attained, the heat-production is not 
further increased by increasing the frequency of excitation. Of course, 
in this connection, one must remember that an increase of frequency 
may increase, while fatigue may decrease, the maximum strength of a 
contraction, i. e. the tension exerted in an isometric twitch. In the 
following table therefore the heat produced by a muscle, for any 
frequency of excitation, has been divided by the maximum tension 
exerted in the tetanus, before being compared with the heat-production 


at any other frequency. The results are — in — 


per unit of tension exerted in the tetanus. 
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. TABLE III. 
Heat produced por unit of tension exerted in de of 
variable frequency. 
Exr. 1. Frequenay of extitetion= number of shockn por goo. H- heat produotion in 


galvanometer scale divisions: T= tension exerted during contraction in mm. on drum. 

Exps. in order. Sartorii muscles on long straight thermopile. 

Frequency 42 100 23 17 88 45 59 177 100 100 77 59 42 23 
H 351 845 827 237 223 247 260 264 264 275 227 204 197 138 
T 112 112 82 76 83 9-2 95 92 94 92 88 79 71 51. 
HIT S156 81 4% 81 27 27 27 2 2 2 27 2 28 26 

Alter the first few stimulations a very exact constancy of H/T is seen. 


Ex. 2. Sartorii muscles (A) 1-2 secs. totanns, (B) 24 sees. tetanus, Stimulus in- 
creased after 5th observation. 


(A) 
Frequency 62 101 88 175 175 175 36 60 102 
305 860 288 2868 232 304 292 332 298 
7 1.7 1820 107 9˙ͤ0 11,7 111 11˙7 108 
H/T 
(B) 
‘Frequency 102 60 88 175 175 36 60 100 
H 468 457 359 360 346 308 829 3326 
T 102 102 87 85 80 77 77 


Fx. 3. Two sartorii. Muscle rather fatigued, so observations corrected for Joule’s 
heat-production of the rather severe stimulating current. With frequency 17-5 the tetanus 
was, in both cases, very unsatisfactory. e 
tetanus. 


Frequency 60 100 175 59 88 175 48 100 46 


H 201 216 986 190 18 120 180 166 160 
7 88 9˙1 86 ↄ7½ 4,1 70 
H/T 


From the experiments of Table III, we see that the heat - production 
per unit of tension developed is absolutely independent of the frequency 
of excitation, provided that the latter be sufficient to cause a complete 
tetanus. What can be the meaning of this very exact experimental 
fact? We must remember that the heat-production, and the tension 
developed, in a tetanus of given duration, both increase considerably 
with increased frequency of excitation. For this one need only look at 
the figures in Table III. It is not therefore that increased frequency 


has no effect, but that the increased heat-production resulting from it 


is accompanied by proportionally increased mechanical effect. The 
observations of Table III seem to me therefore to be strong evidence 
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for the view that the rise of tension is due to the presence of chemical 
substances, liberated in conjunction with heat by the processes called 
forth by excitation. The presence of a definite amount of these 


substances, in the neighbourhood of certain surfaces or interfaces in the 


muscle, calls forth the same amount of tension independent of the exact 
rate at which the stimuli occur. These chemical bodies are removed or 
destroyed at a rate proportional to their concentration at any moment: 
_ and therefore, if they are produced (and consequently destroyed or 
removed) at a greater rate by an increased frequency of excitation, their 
concentration in the muscle must be increased proportionally: this 
increased concentration however is accompanied by an increased tension, 


and therefore the tension * remains 8 to the rate of 


heat- production. 
Part III. 


In a recent paper! I showed how it was possible to estimate the 
heat produced by a muscle excited to give a single twitch, in absolute 
units of heat. The method adopted was the calibration of the apparatus 
by means of electrical warming of the muscle after death. The same 
method has been adopted, in toto, for the following investigation. 


The following experiments were designed to give the absolute value 


of the heat set free by a muscle in a tetanic contraction, per second of 
duration of the isometric contraction, per gram-weight of tension 
developed or maintained, per centimetre of length of muscle. It is 
obvious in the first place that the longer the duration of the tetanus, 
the greater—other things being equal—will be the heat-production : 
I shall show below that the heat-production is directly proportional 
to the duration of the contraction, so that for comparable results the 
heat-production must be reckoned per second of duration. In the next 
place the stronger the contraction, the greater will be the heat-produc- 


tion: and again the ratio of tension to heat develgped is very 


nearly exactly constant, so that the heat must be reckoned per 
gram-weight of tension set up. Finally, a muscle double as long will 
obviously have to give out twice as much heat in keeping up the same 
tension for the same time: when a tension T is developed and 
maintained in a fibre of length & it is inevitable that the energy 
required for this performance should be proportional to æ. In every case 
therefore I have calculated the heat-production, by the method described 
in my earlier paper, per second, per gram-weight of tension . 
1 This Journal, IVI. p. 456. 
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per centimetre of muscle-length. The muscles used have been the 
sartorius and the semi-membranosus muscles of the frog: the experi- 
ments were made at about 15°C.: while the frequency of excitation, as 
was shown in Part II, has no effect on the result, and was therefore not 


recorded. It was usually about 30 to 40 per sec. The observations are 


of twofold interest: in the first place the constancy attained in. the 
results seems to suggest that we are dealing here with a very definite 
physiological characteristic of the semi-membranosus and sartorius 
muscles of the frog, and possibly this characteristic quantity may be 
used as a means of comparison of widely different muscles, or of the 
same muscles when in different states. In the second place, the other 


striking fact about the results is their size, the very large development 


of heat by the tetanic contraction of these muscles: the high efficiency — 
of the single twitch is replaced by the extremely wasteful process of the 


_ prolonged tetanic contraction. It must be the case that many muscles 


are thousands of times more economical than these rapidly moving 
sii of the frog. 

In order to obtain the heat-production of the process required to 
maintain unit tension for unit time in a muscle of unit length, it is 
necessary to stimulate the muscle sufficiently long for a uniform 
heat-production to result. During the first few moments of an 
isometric contraction (see Fig. 3) the heat-production is very much 
more rapid than it is later: later it reaches a uniform, absolutely 
constant value. In order to obtain this later constant value it is 
necessary to plot the curve relating total heat-production to duration 
of the contraction. A fine example of the absolute constancy of the 
heat-production in the later stages is given in Fig. 3, which represents 
Exp. 1, Table IV. A similar curve’ was made in every experiment 
of Table IV, the constant heat-production in the later stages of 
contraction obtained, and this constant value used for the 8 of 
the absolute heat- production. 

In order to eliminate fatigue, it is necessary in these 3 
as it was in the experiments described in Parts I and II, to use some 
method of control. In every case therefore the observations made in 
one order with increasing duration of tetanus were repeated in the 
reverse order, and the mean of the two values of H/T for any given 
duration of the tetanus was used in plotting the figure. The muscles 


were stimulated by alternating currents of known strength from the 


1 Similar curves, though of less accuracy, have been made already with the Blix 
thermogalvanometer: see A. V. Hill. This Journal, XII. p. 80. 1911. 
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revolving commutator: thus, when the stimulus was large and 
produced some heat on its own account, the latter could be calculated 
and subtracted from the heat actually observed. The tension, and the 
duration of the — were determined 90 the methods described 
above. 


10 
Duration Secs, 
0-5 ＋40 / 
Fig. 8. Value of heat-production per unit of tension developed and maintained (H/T) 
in a tetanus of variable duration. e ee e 
TABLE IV. 


tension developed, por unit length of muscle, by the sartorsus and 
semi - membrunosus muscles of the frog. 


‘Exe. 1, Two sartorii on long straight thermopile. b 
11-47 x 10-6 calories. Weight of muscles 219 grm. Length of muscles 8°35 cm. Heat- 
production, H, in s.d.: tension developed, T, in mm. on drum (1 mm, = 4°48 grins. wt.). 
Initial tension about 10 grms. wt. The observations were repeated in the reverse order, 
in the following table. 


Duration: secs. ... 9075 1 
production, H 1450 182 158 181 25 

Tension, T 12˙8 12-2 18°2 14 141 
108 11 ˙9 129 18 ˙1 

Mean value of H/T 11˙1 107 119 127 177 


y 
: ¥ 
; 
. 
¢ 
5. 
| 
¥; 
| 
4 
‘ 
N 
8 
wy 
* 
10 
f = 
e 
§ 
2 
“a 
H 
7 
2 
* 
0 
* 
~ 


‘HEAT-PRODUOTION IN TETANUS. 321 


Duration: ses... 24 #12 
_.Heat-production,H 706 860 206 141 102 97 
Tension, T 141 188 11˙9 11˙2 9˙5 
nr. 30 20˙5 11% 10,7 110 
Mean value of HIT 50 i — — — — 


after about 0-25 sec. is completely linear, at the value H/7'=18 per sec. This is expressed 


in 6.4. per mm. tension: in calories per grm. wt. the value is g , or in 


8 
calories per grm. wt. per om. of muscle it is =189 x 10~ calories. 


Exr. 2. 1 8, d. 148 x 10-* bal. Length of muscle 83 cm. 1 mm. tension on drum 
= 4°25 rms. wt. Value of H/T deduced from curve=20-0 per sec. In cals. per sec. per 


8, 4, 5,6, 7,8 Sartori Hat in 1 and given in 
cals. per grm. wt., per sec., per om. 


No. of exp. 83 4 5 7 8 
113 10% 122 10 9-97x10-* 16°85 x 12-0 x 10 
| : Exps. 9, 10, 11. Semi-membranosus muscles. 
exp. 9 10 il 
HjTi . 21°3x 10-* 18°9 x 10 x 10-¢ 


The above expe. 1 to 11 were all with moderate initial tensions: with much higher 


initial 


and therefore H/T much greater. 


From the above experiments we see that, during the constant 
tension exerted in a complete isometric tetanus of a muscle subjected to 
a moderate initial tension, there is an evolution of heat of the order 
of 15 x 10 gram-calories per cm. length of muscle, per second, ‘$93 


gram- weight of tension maintained. 


The actual numbers for the sartorius muscles of the frog are 
respectively 13°9, 21·0, 113, 122, 9°97, 12°45, 16·85 and 120, each 
multiplied by 10-*: for the semi-membranosus muscles they are 
213 x 10-*, 139 x 10 and 28°4 x 10 in three observations. There is 
relatively a very considerable constancy about the numbers given: it 
was conceivable that they might vary by 1000 °/, or more; with variation 
in condition, fatigue, strength of stimulus, initial tension, etc. It seems 
therefore that at 15° C. the characteristic number for the heat-production 
of the frog's leg muscles is about 15 x 10% calories per sec., per grm. 
wt. of tension of muscle. 
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It would be of great interest to compare the muscles of different 
animals, at the same and at different temperatures, in order to find out 
how far this quantity varies. That it is a very fundamental quantity 
in the physiology of the prolonged tetanic contraction seems obvious, 
just as the muscular “efficiency” is in the case of the single twitch. 
The smaller the characteristic quantity, the greater would be the 

“ efficiency” of the muscle in maintaining a constant load. It seems 
not unlikely that in all quick moving muscles the former is relatively 
a very large quantity indeed. 

The potential energy possessed by a sartorius 1 of length J, 
exerting in an isometric contraction a tension T., has been shown! to be 
approximately 7/6. Hence for a muscle of unit length under unit 


tension the energy is approximately 4 gram-centimetre. Expressed in 


heat units this is 4 127 x 10~cal., is. 3°9 x 10 gram-calories. Thus in 


order to maintain for one sec. a state of potential energy represented by 
3˙9 x 10-* cals, in a muscle it is necessary to liberate some 15 x 10~* 
calories. This neglects the heat-production of recovery which is at least 

70% more. Hence the actual total liberation of heat in maintaining 
this potential energy is really some 25 x 10 calories. This quantity 


is some six to seven times as great as the quantity 3˙9 & 10: thus, 


to maintain a state of potential energy of increased tension in 


a sartorius muscle of the frog, it is necessary to liberate alto- 


gether about six or seven times that energy per second. 

This extraordinarily wasteful process of maintaining’ tension in 
the rapidly moving striped muscle is one therefore which cannot be 
largely used in the prolonged tonic contraction of unstriated muscles, 
especially of animals such as the oyster which can maintain tensions for 
exceedingly long periods. Compared with the high efficiency of the 
development of tension in the striated muscle, the extreme waste- 
_ fulness of the maintenance of tension in the same muscle is ex- 
tremely striking. 


Recently Verzär' has given some 3 on the amount of 


oxygen used by the cat’s gastrocnemius muscle during tetanic contraction. 
A consideration of the details shows that, if the oxygen used up during 
and after the tetanus be supposed to be employed in the oxidation of 
carbohydrate, the heat-production reckoned as above is of the same 
order of size as that observed for the sartorius of . W 


1 AY. ‘HIM, off cit. p. 455. 
* Verzér. This Journal, xurv. p. 248. 1012. 
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HEAT-PRODUCTION IN TETANUS. 323 
used in an isometric contraction, reckoned per sec., per grm. wt. of tension 


maintained, per cm. of muscle, gives the characteristic efficiency of the 


muscle in maintaining a tension, and an exact estimate of it for various 
warm blooded muscles i is very desirable. 


SUMMARY AND CONCLUSIONS. 


: 1 conical thermopile is described, which is very simple to use 


with muscles of all kinds, and eliminates very largely the errors due 
to slipping over the junctions. | 


2. It is shown that when a muscle is allowed to shorten, in 
a tetanus of given duration and stimulus, the heat- production is very 
considerably decreased. The amount of the decrease, which may be as 
large as 40°/, of the value for the heat-production of an isometric 
contraction, is of the same order as the percentage decrease of the 
length of the muscle. The greater the shortening allowed, the greater 
is the decrease of the heat-production. It is concluded that the heat- 
production is determined by, and is proportional to (other things 
being equal), the length of the fibres during activity, and that the 
heat-production is a surface- and not a volume-effect (Blix). 

3. The effects of frequency of excitation on the heat-production, 
both in an incomplete and in a complete isometric tetanus, have been 
investigated. It has been found that increasing the frequency of exci- 
tation, up to the limit when complete tetanus results, never decreases 
but almost invariably (sometimes largely) increases the heat-production. 
After complete tetanus is reached, the heat-production per unit of 
tension developed and maintained is absolutely independent of the 
frequency of excitation, between the limits 17 and 100 shocks per 


sec. The tension-development and the heat-evolution are products 


of identically the same reaction. 

4. The absolute value of the heat-production, in a tetanus of a 
sartorius or semi-membranosus muscle of a frog, has been estimated. 
Reckoned per centimetre length of muscle, per second of maintenance 
of the tension, per gram weight of tension developed, it is relatively very 
constant at about the value 15x 10 calories. Including the recovery 
processes of oxidation following the. contraction, this should amount 
to 25 & 10 calories. This quantity, which may be regarded as the 


inverse of the efficiency of a muscle for maintaining a prolonged tension, 


is enormously large. The potential energy possessed by a muscle of 
1 em. length when maintaining a tension of one gram weight is about 
PH, XLII. | | 


78 
* 
— 
ong 
4 
| 
27 
* 
* 
as 
* 
= 
2 
* 
A 
74 
— 
— * 
~ 
* 
yr. 
4 
— 
— * ») 


$grm..cm., or about 4 & 10~ calories. Thus, in order to maintain, 
a state of potential energy in a sartorius muscle, about six or seven 
times that energy must be liberated per second. This extraordinary 
inefficiency and wastefulness of the rapidly moving striated muscle of 
the frog, in the maintenance of a prolonged tension, contrast curiously 
with the high efficiency of the same muscle in a rapid twitch. 


The expenses of this research have been largely defrayed by a grant from the Royal 
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THE AUTO-CATALYSIS OF 
| By H. M. VERNON. 


Crom the Physiological Laboratory, Oxford.) 


As the result of experiments made with glycerine extracts of pancreas!, 
I came to the conclusion, in 1901, that the conversion of trypsinogen 
into trypsin is an auto-catalytic process, or that the small quantities of 
trypsin spontaneously formed have the properties of an activator, and 
liberate. trypsin from inactive zymogen, this liberated trypsin in its 
turn acting on more zymogen till the whole is activated. The initial 
activator of trypsinogen in the small intestine is now known to be 
enterokinase, but on comparing the activating powers of active trypsin 
solutions and of intestinal extracts on inactive glycerine extracts of 
pancreas’, I found the former distinctly more powerful than the latter. 
The few experiments made with pancreatic juice gave a similar result, 
so I concluded that this auto-catalysis plays a very important part in 
normal digestive processes. For reasons given subsequently, neither 
Bayliss and Starling’, nor Mellanby and Woolley“ were able to 
confirm my results, but the experiments now to be described fully 
establish their validity. All of these experiments were made with dog’s 
pancreatic juice, obtained by injection of secretin. 
Method of experiment. In my previous experiments, the tryptic 
activity of an extract was estimated by a fibrin digestion method which 
took, as à rule, 20 or 30 minutes for completion. This is too lengthy 
to enable one to estimate rapid changes of activity, so I have followed 
Mellanby and Woolley’s example in adopting a method dependent on 
milk coagulation. ‘Their method consisted in determining the time of 
coagulation of milk diluted with an equal volume of 1 N CaCl,. They 
say that when the coagulation times are small they are inversely 
W to the quantity of fermeut, but their experimental results 
1 Vernon. This Journal, XxVrt. p. 269. 1901. | | 
2 Vernon. Ibid. xxvim. p. 875. 1902. 
* Bayliss and Starling. Ibid. xxx. p. 61. 1904. Ags 
4 Mellanby and Woolley. Ibid. Av. p. 870. 1912. 
21—2 
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do not bear out this conclusion. In one experiment’, for instance, when 
the amount of ferment ranged from 15 to 8 e. c., the coagulation times 
ranged from 60 to 1 min., and the products of ferment x coagulation 
time were 9°0, 3°4, 20, 1°2, 1°2, 10 and 8, or fell steadily with increasing 
quantities of ferment. Arguing from the experiments of Hammarsten, 
Lércher, Soxhlet, and especially of Winogradow’*, there can be no 
doubt that when the ferment is added in small quantities to undiluted 
milk, the coagulation time is in almost exact inverse proportion to its 
amount; but when the milk is diluted, this inverse proportionality does 
not hold. As the result of numerous experiments made by Roberts’ 
metacasein method, in which the milk is diluted with an equal volume 
of water, I found* that the times of onset of the metacasein reaction 


vary inversely as (quantity of ferment) 16, The metacasein method 


depends on the fact that the milk is changed by the ferment into 
a heat-coagulable form, so small samples of it (about ‘3 c.c.) are boiled 


every 25 or 30 seconds in dry test tubes, and the time at which small 


flakes and clots of milk first appear is noted. As a rule, such a quantity 
of ferment was taken as would bring about the reaction in three to five 
minutes, but the method is accurate even if it be prolonged to 60 minutes. 
This is proved by the data given in my original paper, and also by the 
two sets of values here adduced. These were obtained with different 


samples of active pancreatic juice, and the “rennin values” given have 


deen calculated from them in accordance with the formula given in my 


1 mins. 553 Occ, mins. 680 
05 5°5 57 
0386 18-5 64 1.58 ˙7 98 
41-0 64 075870 


This metacasein reaction is 3 on the action of the rennin 
ferment of the pancreatic juice, and not on the trypsin, but as a rule, 
though not invariably‘, the tryptic and rennettic zymogens undergo 
conversion into their respective enzymes at the same time, and so under 
the conditions of the present experiments the one may be taken as 


a fairly accurate measure of the other. That they are not en ; 


1 Mellanby. This Journal, xiv. p. 848. 1912. 

* Winogradow. Arch, f. d. ges. Physiol. uxxxvu. 170. (Literature hes 
quoted.) 

* Vernon. This Journal, xxvII, p. 174. 1901. 

Vernon. Ibid, vn. pp. 
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ferments, as has been suggested by Pawlow and Parastschuk' and 
other investigators, I have proved by numerous experiments“ . 

The enterokinase extract used in the present experiments was 
obtained by scraping off the mucosa and sub- mucosa from dog's small 
intestine, pounding it with a small quantity of sand, shaking it well 
with two volumes of water and a little chloroform, and filtering 20 hours 
later. The filtrate was kept with chloroform in a refrigerator. It 
preserved its activity well, though a glycerine extract kept at room 
temperature seemed to last even better. The glycerine — been left 
in enn with the mucosa 12 days before filtration. 


The rute of activation of-trypsinogen. 


Mellanby and Woolley showed that when try psinogen is 8 
by enterokinase, the rate of production of trypsin is very slow at first, 


but increases with velocity to a maximum as the 


130 
: 
2 8 
5 
57 
SOF > 
O — 1 a 4 — 4 4 4 
0 10 20 30 . 40 50 
TIME IN MINUTES 
Fig. 1. 


endi of the reaction is approached. This type of reaction clearly suggests 


auto-catalysis, but they endeavoured to explain it another way. My 


results as to the course of the reaction agree well with theirs, and all 


show the same typical features. The curves in Fig. 1 indicate the rate 


1 Pawlow and Parastschuk. Ztschr. physiol. Chem. XII. p. 415. 1904. 
2 Vernon. L.c.: also This Journal, XVIII. p. 448. 1902; XXI. p. 802. 1908. 
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of activation of pancreatic juice kept at 37 C. under various conditions 
with 10% of enterokinase. The alkalinity of the juice, determined 
by titrating against 1 N HCl and using methyl orange as indicator, 
corresponded to 34 / Na, CO,, and as the juice was diluted threefold 
(ie. loc. of juice, 1 00. of enterokinase and 19 0. of water), the 
effective alkalinity amounted to 11% Na, CO, The proteolytic activity 
of the juice when tested five minutes after the beginning of the reaction 
amounted to only five units, and after 18 min. to eight units, but then 
it increased more and more rapidly till it attained its maximum value 

of 176 in 51 min. A very similar curve of activation was obtained in 
another experiment when Witte’s peptone was added in such amount 
as to form a 8 % solution, and so the mean between these two curves may 
be taken as a typical average result. The approximate intervals of time 
at which the proteolytic activity of the juice doubled itself are given in 
the table, and we see that whilst the first doubling took 16min., the 
next took only 11 min., and the last, only 4min. That is to say, the 


Trypsin Time Interval 
5 5 mins. 0 
16 mins. 
10 2¹ 
11 
20 32 
7˙5 
40 89°5 
80 44˙5 4 
160 48 ˙5 


velocity of activation increased much more rapidly than it should have 
done had the process been simply one of auto-catalysis by the free 
trypsin. In such a case, if the reaction were a simple monomolecular 
one, the velocity of activation would be proportional to the active mass 
of trypsinogen multiplied by the active mass of the catalyst trypsin, or 
the curve would be a symmetrical one in which the maxi ym velocity 
would occur when 50°/, of the trypsinogen had been catalysed’. So far 
from this being the case, the velocity increases to the point at which 
90 % or more of the trypsinogen is converted, or is so rapid that it is 
difficult to obtain adequate proof of any final slowing down of the 

All of the curves of activation obtained show a similar acceleration 


of veloeity in their later stages, thongh in some of them the initial rate 


of increase was much slower, and in others, much quicker. For instance, 


Ct. Braileford Robertson. Hamburger’s Festhand (Biochem. Ztschr.), p.287. 1908. 
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the curve in Fig. 4, showing the activation of pancreatic juice by 3*%/, 

Wes see that the firet — of activity took $8 min. poner of 

16 min. The first curve in Fig. 1, showing the activation of j juice by 


10 % of a glycerine extract of intestinal mucous e e she 
times: 


4 


Here the first doubling took only 7°5 min. Still the final doubling 
took only 3:0 min. instead of 4 or 45 min. as in the other experiments 
quoted. 

In my earlier paper I showed that enterokinase activates best in 
a neutral or faintly alkaline solution, even 1% Na, COO, retarding its 
action appreciably, Mellanby and Woolley found that it activated 
best in a neutral solution and was stopped in a faintly acid one, but 
they quote no data showing the rate of activation in faintly alkaline 
solutions. The two middle curves in Fig. 1 show the rate of activation 
of juice in which the alkali had been partly neutralised by HCI The 
final:alkalinity of the diluted juice amounted to 07 / Na, CO, in one 
experiment and to 037 / in the other. The rate of activation was 
almost the same in both, and was considerably quicker than in the 
unneutralised juice. Other experiments, made at room temperature, 
seemed to show that the best condition for the spontaneous activation of 
juice is one of faint alkalinity. Thus a sample of juice which after 
dilution, contained 17 / of Na, OO,, failed to activate spontaneously. in 


five days, but samples of it in which the Na, CO, was reduced by partial 


neutralisation to 09 / and: 536 ½½ respectively, activated themselves in 
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60 hours. Hence in all of the experiments to be described, the alkali of 
the juice was partly but not completely neutralised with Gy the 
effective alkalinity being 05 to 07°/, Na, CO, 

The five series of experimental results recorded in Fig. 1 were all 
obtained on the same day with samples of the same juice, and so are 
under strictly comparable conditions. ae 


The activation of trypsinogen by trypsin was proved by two series of 
experiments. In the first series the trypsin used contained a known 
amount of enterokinase, whilst in the second series it contained none. 
Some juice was diluted with HCI and an equal volume of water 80 as to 
reduce its alkalinity to 05 % Na, CO,, and was activated by leaving it 


* 7 * * * * * * 


40 — 70 — 
TIME IN MINUTES 
Fig. 2. 


for 18 hours at room temperature with 10% of 1 8 series 
of experiments was then made in which volumes of 1 e.c. of fresh juice 
were mixed with water, HCl and enterokinase or trypsin to a total of 
3 c., and were kept at 87°. The results are recorded in Fig. 2. In 


the presence of 10 % of enterokinase (2 1c of intestinal extract to 


1 cc. of juice) the juice reached its maximum activity in about 74 min., 
whilst with 27 of enterokinase it must have taken about 140 min. 
The activated juice, or trypsin, acted much more effectively than this, 
for 10°/, of it converted the whole of the trypsinogen into trypsin in 
56 min., whilst 4°/, converted it in about 77 min. — from the 
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relative positions of the activation curves, one may say that 4 / of 
trypsin (containing *4°/, of enterokinase) acted at the same rate as ibd 
9°5*/, of enterokinase. Presumably, therefore, 4% of trypsin containing 
no enterokinase whatever would have acted at the same rate as 9˙¹ tied 
enterokinase, or would be 2°3 times more Powerful. 

Juice kept with 1˙5 ½ of activated juice showed a small but dy 
increase of activity during the 109 min. for which it was tested, but it 
did not reach the rapid activation stage. In another experiment, some 
juice was activated rapidly by keeping it for two hours at 37° with an 
equal volume of enterokinase, and when 5% of this mixture (= 2°5°/, of 
trypsin + 25% of enterokinase) was added to fresh juice at 37°, it 
activated it completely in 120 min. It is calculated from the activation 
curves that it liberated trypsin at the same rate as would have been 
taken by 5°5°/, of enterokinase. Presumably, therefore, 2°5 % of trypsin 
alone would have acted at the same rate as 5°56 —2°5=30°/, of entero- 


_ kinase, or would have been 1:2 times more powerful. 


An experiment of a similar kind to the above is recorded by 
Mellanby and Woolley“, who compared the rate of activation of juice 
by 1°/, of enterokinase with that by 1% of enterokinase ＋ 5 % of 
trypsin. From their data one finds that during the 30 to 60 minute 
interval after the beginning of the experiment 20 units of trypsin were 
liberated in the enterokinase experiment, but no less than 90 units in 
the enterokinase + trypsin experiment, or the rate of activation was 4˙5 
times more rapid. In the 60 to 90 minute interval the trypsin liberated - 
amounted to 50 and to 200 units respectively. In fact the slope of the 
activation curve was entirely changed by the addition of the trypsin, 
though for some reason which I do not understand Mellanby and 
Woolley say that “it is evident that the addition of trypsin to inactive 
pancreatic juice does not alter the form of the activation curve.” 

In all of the above experiments a certain amount of enterokinase 
was added to the inactive juice, so it might be maintained that the 
activation was always due to this enterokinase, which might in some 
mysterious way have had its activity enhanced by the presence of free 


_ trypsin. Other experiments showed that such a hypothesis is erroneous, 


for trypsin preparations containing no enterokinase whatever. were 
obtained, which showed remarkable activating power. Some juice, 
which by the addition of HCI had its alkalinity reduced to 09 
Na. OO,, activated itself spontaneously in 60 hours at room ahs mi 


wt Mellanby and Woolley. L.c. p. 882. 
2 Of. Mellanby and Woolley. This Journal, XLVI. p. 159. 1913. 
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and attained an activity of 130 units. When. inactive inn diated 


threefold, was kept at 37° with 5°/, of this spontaneously active, juice, 


the results reproduced in the first curve of Fig. 3 were obtained. We 
see that activation was completed in 16 min., or a much shorter time 
than was taken in other experiments after the addition of even 10% of 
enterokinase, The times of doubling of activity are as follo; : 


JJV 


40 
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94 
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130 7 a 
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Wig. 8. 


before. In fact the rate at which the activation begins seems to have 
no influence on the later stages of the activation curve. That this is 
so is suggested by the other curve in Fig. 3, which shows the action of 
25% of spontaneously active juice. For the first 57 min. this induced no 
appreciable conversion of trypsinogen into trypsin, and even for 120 min. 
there was but a slight change. In the next 31 min. rapid activation set 
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in, and between the 1518t and 164th uin it was completed. Unfortun- 
ately there are not sufficient data to enable one to draw the activation 
curve with much certainty, but assuming it has the form n the 


ol N of ae are as follows: 
mins. 
141 
56 
154-7 


‘Though the initial doubling took 67 min. instead’ of 42 min. as 
before, the final one probably took about the same time. 


In another experiment, with other samples of inactive and spon- 


taneously active juices, the time of activation after the addition of 9% 


of 9 active juice was 23 min. or less. 


The variable activating power of different trypsin preparations, 


We saw in the previous section that a sample of juice which had 

been activated at room temperature by the addition of 10°/, of entero- 
Kinase had apparently 2°3 times more activating power than the 
enterokinase used, whilst some other juice, activated at 37 by 


enterokinase, had only 12 times more activating power. Other 
experiments with juice which had been allowed to activate at 37° under 
various conditions likewise showed that it did not act nearly so 
powerfully as juice which had activated at room temperature. In Fig. 4 
are given two control curves, showing the effect of activating juice at 


37° by 6% and 3% of enterokinase, The times of complete conversion 


of the trypsinogen were about 32 and 85 min. respectively. The first 
curve in the figure shows the rate of activation produced by the addition 
of 10% of activated juice containing 1°2°/, of enterokinase. This 
mixture acted at the same rate that about 6-4°/, of enterokinase would 
have done, or the 10°/, of trypsin without any enterokinase would 
presumably have acted as rapidly as 6˙4 12 52 / of enterokinase. 
Hence it apparently possessed only half the. activating power of 


enterokinase. The third curve in the figure shows the rate of activation 
effected by the addition of 20°/, of another activated juice containing 
2% of enterokinase. It activated at the same rate as about 43 % of 


enterokinase, or the trypsin in the absence of enterokinase would 


presumably have acted at the same rate as 43 20 23% of 
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enterokinase. Hence it apparently had only a ninth the activating 
power of enterokinase. | 

The experiments described have therefore seemed to show that the 
trypsin in activated juice may be 2°3, 1-2, 5 or ‘] times as active as the 
enterokinase preparation used. The proteolytic power of the samples of 
juice employed was 304, 350, 106 and 93 respectively, and these differ- 
ences partly account for the different rates of activation, but even 
allowing for them the rate of activation in the fourth experiment was 
six times slower than in the first one. Again, in the third and fourth 
experiments the samples of juice had nearly the same tryptic power, but 
one of them had five times more activating power than the other. 


* * * * * 


rine meres 
The explanation of these and other seemingly contradictory results ; 

has already been given by me in my earlier papers. I there showed ood 

that trypsin is such an extremely unstable substance, that if a 

fresh extract of it be kept for an hour at 38° with 4% Na, COO, about 

70 ½ of it is destroyed. But if the extract be kept for weeks, then as it 

deteriorates in activity the trypsin still remaining becomes more and 

more stable, and is finally destroyed by 4% Na, CO, at the rate of 10 to 

15% per hour. On testing the activating power of a number of kept 

extracts of various degrees of proteolytic power on inactive glycerin 
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extracts of pancreas containing trypsinogen, I came to the conclusion? 
that “proportionately to their activity, active extracts set free the enzyme 
from the zymogen much more rapidly than comparatively inactive 
extracts. That is to say, it is only the very unstable trypsin molecules 
which have much activating power. The stable ones have little or none. 
This conclusion is supported by the whole of the experimental results 
described in the present paper. We saw that the trypsin liberated. by 
enterokinase during 18 hours at room temperature had the greatest 
activating power, the reason being that under such conditions very little 
of it had undergone destruction. The sample of trypsin calculated to 
be 5 time as active as enterokinase had been activated for 30 minutes 
at 37°, and kept 90 minutes at room temperature before use. Now it is 


found that juice kept at 37° deteriorates in activity at least ten times 


more rapidly than at room temperature, so a good deal of the unstable 
trypsin molecules in this sample must have been destroyed before use. 
The sample of trypsin calculated to be 1 time as active as enterokinase 
had been kept 53 min. at 37°, and then 16 hours at room temperature 
before use, and was proved by direct measurement to have lost in con- 


sequence nearly half its original tryptic power. It would therefore contain 


but little unstable trypsin, and so have but little activating power. 
Me are now in a position to explain the abnormal form of the 
activation curves of trypsinogen. At first, when the trypsin is being 
liberated but slowly, most of the unstable trypsin molecules are destroyed. 
The stable ones accumulate, and so the total tryptic power of the solution 
gradually increases, but it is only when the rate of liberation of unstable 
trypsin molecules begins to exceed appreciably their rate of destruction 
that rapid activation ensues. As the rate of liberation gains more and 
more on the rate of destruction, the auto-catalysis proceeds with greater 
and greater velocity, until it is checked by the rapid diminution in the 
available mass of trypsinogen. 

If in any solution the rate of liberation of unstable trypsin deen not 
exceed its rate of destruction, then, though the tryptic power of the 
solution may slowly increase owing to the accumulation of stable trypsin, 
rapid activation may never ensue at all, even though in course of time 
the whole of the trypsinogen may become converted into trypsin. Such 
a gradual conversion may easily occur in normal pancreatic eg in 
which the sodium carbonate present has not been neutralised, for the 
‘4 to — of it usually present is generally sufficient to stop ve 8 


This Journal; XVII. p. 296. 19001. 


— 

‘ 

4 
Py 
“2 
. 
4 
A 
> 
¢ 
4 
* 
* 
* 
i 
14 = 
2 
5 
11 
4 
* 
4 


336 „% 


accumulation of unstable trypsin. This explanation is quite adequate 


to account: for the fact that Bayliss and Starling observed but little 
activation of pancreatic juice to which they added 2 or less of a very 
active glycerine extract of trypsin with which I supplied them. If they 
had partly neutralised the alkali of the juice first, they would have 
obtained a very different result. Again, Mellanby and Woolley found 
that the addition of 20°/, of spontaneously activated juice to inactive 
(and unneutralised) juice did not activate it at all in two hours. On 


the contrary, and as one might expect, ne 


— by the Na,CO, of the juice. 

It is of interest to conjecture the relative importance of the parts 
played by enterokinase and by auto-catalysis in the liberation of trypsin 
in the small intestine. There can be no doubt that the process is 
initiated by enterokinase, and if the trypsinogen were unable to catalyse 
itself, in would in course of time be completed by this enterokinase. 
But we have seen that freshly liberated trypsin is in all probability 
considerably more powerful an activator than intestinal extract, and in 
that, owing to auto-catalysis, it must as a rule exceed the available 
amount of enterokinase present, it seems probable that by far the larger 
part of the trypsin is liberated auto-catalytically. In support of this 
view it will be remembered that the activation curves, except for the 
first quarter or third, are all of approximately the same form and slope, 
whether activation had been initiated by 3°/, or 10°/, of enterokinase, 
by 25 / or 5% of spontaneously activated trypsin, or by various 
mixtures of trypsin and enterokinase. 

The time required for activation of trypeinogen in the small intestine 
must be greatly reduced by auto-catalysis, but at best it probably takes 
ten or more minutes for completion. 

The experiments described in my previous papers on the instability 
of trypsin were for the most part made with extracts, which were 
subjected to the action of 4% Na, CO,. It seemed of interest to make 
some further experiments, but with pancreatic juice, and to subject it to 
a smaller degree of alkalinity (viz. O7 % Na, OO,). In the small intestine 
the concentration of alkali must as a rule be very low, and in addition 
the trypsin is greatly protected from destruction by the —— and 
amino acids present’. 

Pancreatic juice, . by 5 % of 8 was diluted 


fourfold, and kept at 37°. During the first half hour its tryptic power 


diminished 36 , or at the rate of 72°/, per hour, and in the next three 
1 Of. Vernon. This Journal, xxxr. p. 846. 1904. 
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half hour periods at the rate of 70, 64 and 52%), per hour respectively, 
each decrement being calculated on the tryptic power of the juice at the 
beginning of its respective half hour period. Another sample of juice, 
which had spontaneously activated after partial neutralisation, lost 
trypsin at the rate of 54°/, per hour during the first half hour at 37°, 
at 38°/, in the next half hour, at 20°/, in the next, and at 14°/, during 
the next hour. A third sample, activated by 10°, of enterokinase, lost 
trypsin at the rate of 37°/, per hour during the first 1 * 
and at 12% during the next hour. 

All these samples of juice were activated at room eee 


Three other samples, activated at 37°, showed the following rates of 


destruction of trypsin per hour: (1) 30% during the first 32 min.; 
25% during the next 128 min., and 20% during the next 87 . 
(2) 40% during the first 44 min., and 25% during the next 104 min.; 


0) 84% during the first 55 min., and 29% during the next 71 min. It 


will be seen that on an average the rate of destruction of trypsin in 
these samples was considerably smaller than in the juice activated at 
room temperature, presumably because more of the unstable trypsin 
had undergone destruction during the course of activation at 37°. 
The irregularity of these results is due to some extent to experi- 
mental errors incident to the metacasein method, but chiefly to other 
factors. For instance, the stability of the trypsin may be influenced by 
the amount of enterokinase present. The results as a whole agree well 


with a previous series of experiments“ in which pancreatic extracts were 


kept at 38° with ten volumes of water and no sodium carbonate. It 
was found that on an average very active extracts lost 49 % of their 
ferment (determined by the metacasein method) in the first hour, 37 °/, 
in the second hour, and 26°/, in the third, whilst kept extracts which 
had deteriorated about 45 % in activity lost 39, 30 and 15% — 
in the three consecutive hours. 


SuMMARY. 


The trypsin of recently activated juice may have considerably more 

- activating power on the trypsinogen of inactive juice than enterokinase 

itself. This statement holds equally for the trypsin of j juice activated 

by the addition of enterokinase, and the trypsin of juice which has 
activated spontaneously after partial neutralisation by HCl. 

Once rapid activation of trypsinogen has set in, the rate of such 


1 Vernon. This Journal, xxvu. p. 196. 1901. 
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activation is approximately the same whether it has been induced by 
3, 6 or 10% of enterokinase, by 25 or 5% of trypsin, or by various 
mixtures of enterokinase and trypsin. This is because it is brought 
about mainly by auto-catalysis, and so it is concluded that the activation 
of trypsinogen in the small intestine, though imitiated by enterokinase, 
is for the most. part an auto-catalytic process. 

The trypsin of freshly ‘activated juice is exceedingly unstable, and i in 
presence of 07 / of Na, CO, over 60°/, of it may be destroyed in an 
hour at 37°. That of juice which has deteriorated by being kept at 37 
is much more stable, and may be destroyed at the rate of only 12 to 
20°/, per hour. It is only the unstable Weyhe ‘which possesses 
much activating power. 


| of wish to express my thanks to Dr G. von Anrepand to Dr C. Lovett 
Evans for their kindness in providing me with samples of pancreatic 
juice, obtained by them when working at the Institute of at 
University College, London. 
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THE FERMENTS OF THE PANCREAS. PART III. 
THE PROPERTIES OF TRYPSIN, TRYPSINOGEN 

_ AND ENTEROKINASE. Br JOHN MELLANBY, MD. 
anp V. J. WOOLLEY, MD. 


“(From the Physiological Laboratory, St Thomas’ 4 0 


(1) The influence of reaction on the rates of destéuction of 
trypsin, trypsinogen and enterokinase by heat. 3841 

(2) The effects produced by albumen, peptone and amino-acids 
pres on the rates of destruction of trypsin in alkaline solution 348 
- (8) The relation of serum to trypsin, trypsinogen and entero- | 

(5) The action of ferments on trypsin, end 


enterokinase. . 888 
The of certain on pancreatic juice „ 
Summary and conclusions. . 


In our previous papers we have 3 the course of conversion of 
trypsinogen into trypsin by enterokinase and the relation of calcium 
salts to this conversion w. We were led to the conclusion that entero- 
kinase is a proteolytic ferment, that trypsinogen contains a protein 


moiety with which trypsin is firmly combined, and that the conversion 
depends upon the digestion of this protein moiety and consequent: 


liberation of the trypsin. In this paper we propose to give a detailed 


account of the properties of trypsin, trypsinogen and enterokinase, and 
to consider their relations to the conditions which may be assumed to 
‘prevail in the processes of digestion. 


The stability of trypsin in various media has been extensively 
investigated. Kühne stated that trypsin was destroyed by pepsin 
and hydrochloric acid, and that 05% HCl was injurious to it. Various 


subsequent investigators obtained contradictory results, but it was 


eventually shown by Langley that the addition of 05°/, HCl to a 
PH. XLVII. 22 
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glycerine extract of the pancreas for two and a half hours at 88° dimin- 


ished to a considerable degree its proteolytic power and that stronger 
acid brought about correspondingly more destruction. Biernack io 
found that at 60°C. the rate of destruction of trypsin in 25% 5% 
Na,CO, was markedly delayed by the presence of proteoses and peptone. 
Vernon investigated this phenomenon and concluded that many 
proteins protect trypsin from heat destruction and that the protective 
power of a protein is intimately related to its capacity to neutralise the 
alkali of the trypsin solution. In this connection he found that products 
of protein digestion such as glycin and leucin exercised a greater pro- 
tective function than the native protein. Bayliss and Starlingiao) 
found that the auto-digestion of trypsin in pancreatic juice was diminished 
by the presence of egg albumen, caseinogen or peptone. Schmidtm 
stated that trypsin was not destroyed when heated to 100°C. in water 
containing colloids such as peptone, gelatine or agar-agar. De Souza) 
found that heating trypsin to 80° C. for five minutes completely destroyed 
all the active ferment, and that the protective action of peptone at this 
temperature was very slight. He further found that the protective 


power of peptone was more evident at lower temperatures 65°-70°C., 
and was augmented in acidic or neutral solution. Ohta also failed to 
confirm Schmidt’ s results as to the thermostabile nature of trypsin in 


solutions of various colloids. 

The properties of enterokinase and trypsinogen have not been 
previously investigated in detail. Bayliss and Starlingam found 
that trypsinogen is a stable body and slowly altered in acidic or alkaline 
solutions and that enterokinase is stable in watery solution at 15° but 
is rapidly destroyed at 40°C. Vernonan found that enterokinase i is 
destroyed by weak acids. 

The inherent difficulty of determining the effect of various i ee 
and reagents on trypsin depends upon the fact that the estimations of 
ferment activity based upon the rate of protein digestion require 
a considerable time to carry out. In these methods the weaker the 
ferment solution the longer the time which must elapse before a 
measurable change is produced. During this time the destruction of 
the trypsin which takes place in alkaline solution continually proceeds. 
The estimation of the proteolytic activity of a trypsin solution by its 


capacity to coagulate calcified milk obviates this difficulty. By this 


‘method the effect on the trypsin of any particular treatment may be 
determined at once, and a time relation thus obtained e the rates 
ol destniction produced by different agents, 
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trypeinogen and enterokinase by heat. 


: . The effect of acids on trypsin varies 
with the temperature. Up to approximately 40°C. the ferment dis- 
appears from an acid solution more rapidly than from one which is 
alkaline or neutral. Above this point however the reverse is the case. 
The ä experiments illustrate these statements. 


juice 
HG N H,O 
0 
5 45 
2 8 
| 
| 100 1000 100 750 
) 1̃0ö000 1000 1000 780 
550 0 
(0) 1000 750 560 0 
wal 1000 750 0 
( q 275 280 200 120 
215 0 — 
(q) 215 175 150 


From these figures. it is evident that free aia to the extent of HCI 
05 N destroys trypsin slowly at 16°C., that the rate of destruction in 
acidic solution is accelerated at 35° C., but not to a greater degree ‘than 
occurs in alkaline or neutral solutions, and that at 50°C. the rate of 
destruction of trypsin in acidic solution is less than in alkaline or 
neutral solution. 

If however we examine the results . with a 1 of 
40° C., it is seen that under these conditions there is an optimal ooncen- 
tration of acid above or below which the rate of trypsin destruction i * 
accelerated. This is seen in the following experiment. 
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The optimal point occurs here in the fifth dieu which contains | 
free HCl to the extent of about 006 N. 

The destructive action of acids on trypsin is more marked in the 
case of a * — of trypsin than * activated pancreatic 


After 80 mins. these were 
— neutralised thus 
iN HO NaOH iN a Trypsin 
8 7 7 550 
5 5 140 
7 3 7 3 0 


Practically the whole of the trypsin was destroyed by HCI (025 N) 
in 30 minutes at 37 C. 
The following experiment illustrates the protective action exercised 
by acids against the destruction of trypsin by high temperatures. 
‘Mixtures of activated pancreatic juice and different acids were made up. 
Activejuice 5 0.0. bec. boc. Boo. ‘bee. bee. ‘Soc. “bec. 50.0. 


HOI (N) H,80, (8) COOH 
These tubes were placed in a bath at 100°C. for five minutes. There was then added 


And the trypsin content was found to be = i 
1 0 550 250 0 3810 160 0 125 190 


a these experimental results the following conclusions may be 
wn. 

(1) Pancreatic juice containing trypsin may be heated to 100°C, 5 
for five minutes and yet retain a considerable quantity of active ferment 
provided the juice be made slightly acidic. (2) Activated pancreatic 
juice which is alkaline or neutral loses all its proteolytic activity when 
so treated. (3) Hydrochloric acid and sulphuric acid may replace one 
another in equivalent proportions in this preservation of trypsin against 
destruction by heat. The efficiency of oxalic acid is approximately one 
half that of hydrochloric acid. This protective action of acids against 
the destruction of trypsin by boiling is in marked contrast to the fact 
that a small quantity of free acid (HCI 05 N) destroys trypsin ey 


at room temperatures, 


Trypsin in alkaline solution. Trypsin in alkaline solution is very 
ee of 50°C. In the following experiment 
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the alkalinity of activated pancreatic juice was increased by the addition 
of sodium carbonate and diminished by the addition of hydrochloric acid. 
The resultant mixtures were heated to 50°C., and their ferment 
activities were determined after different intervals of time. 


Trypain after. 
A. P. J. {5 mins. 45mins, . hours 
8 5 0 145 0 
” 4 1 150 0 — 
” 3 160 0 
„* 2 3 162. 0 — 
” 1 4 166 Ph 0 — 
190 0 — 
HCI N) 
0 45 200 0 
Alkaline 4 435 200 0 
Neutral „ “15 35 750 4885 250 


At 50°C. trypsin is destroyed slowly (one day) in neutral solution ; 
in the presence of Na, CO, 05 N (2% ) all the trypsin is destroyed in 
45 minutes. Increasing quantities of sodium carbonate do not 


 aecelerate or retard to any marked dogiee the rate of trypsin 


destruction. 

Trypsin in the presence of neutral salts. 1 series of 
experiments were made to determine the best medium for the preserva- 
tion of trypsin at 38°C. To activated pancreatic juice various substances 
were added and the tryptic activities of these solutions were determined 
after definite intervals of time. 


4. P. 3. % galt T hre. 4 urs. &days 
lee. lec, — 550 485 1 0 os 
— 660 3660 0 
„ 1 0.0. KOI (N) 435 485 220 153 78 
„ (Lea 25, 30 fo. 197 100 
„ Na,80, (N) 500 860 220 187 100 
55 1 6.6. CaCl, (N) 1000 750 750 750 750 
5 1 0.0. BaOl, N) 1000 1000 1000 1000 1000 
0 1%. MgSO, (N) 750 750 485 


From the above results it may be seen that the only e agents 
for preserving trypsin from destruction at 38° C. are the salts of calcium, 
barium and magnesium. The experiments also demonstrate the increased 
rate of trypsin destruction in pancreatic juice diluted with water. 


Trypsin in the presence of glycerine. The almost permanent activity 
of glyeerine extracts of pancreas suggested that this ebstance might 
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be good ‘preservative of trypsin against the effects of heat This 


5 875 625 0 
% 25 162 
5 5 10 0 210 


It appears that the more concentrated the glycerine, the better the 


ferment is preserved, and, comparing this with the destructive effect 


of diluting the juice with water, it would seem probable that the 

dehydrating action of the glycerine is the cause of its efficiency in this 
t. 

Finally the following comparative experimental results show the 


effects produced by heating activated pancreatic juice e various 


to different for five minutes. 


“Boe %, HO „ 1000 
8 5 c.c. NaCl (N) 1000 180 0 — 


Bee, 1% HOL(N) 0.0. H,O 1000 180 166 166 120 


"Pancreatic juice diluted with water loses the whole of its trypsin 
after heating for five minutes at 60“ C, although no effect is produced 
on it by heating at 50°C. for this length of time; in the presence of 
NaCl (5 N) or CaCl, (5 N) destruction takes Nass at 70 C.; with 
Hl in slight excess of that required to neutralise the alkalinity. of the 


_ Juice (approximately HCI 025 N) a considerable quantity of trypsin is 


preserved even after heating _ acidified juice to 100°C., for five 
minutes. 

Trypeinogen in acidic solution One ef the: 
properties of trypsinogen is its stability in the presence of free acid. 

Mixtures of pancreatic juice, hydrochloric acid and water were made 
up: After an hour and a half at 40°C. sodium carbonate was added to 
neutralisé the excess of acid and activation of the — trypsinogen 
was ensured by the addition of enterokinase. 


The addition of hydrochloric acid to the first tube produced a 


precipitate of globulin. This globulin was redissolved by the acid in the 
next four tubes, and was reprecipitated by the large excess of acid in the 
last tube. After the addition of sodium carbonate the only tube in 
which the globulin was not precipitated was the first, the reaction of 


| 


r 
* * * 
> 
be 
aN 
* 
2 
8 
* 
Mo 
* 
* 
> 
> 
4 
* 
4 
— 
. 
a 
‘ 


FERMENTS OF PANCREAS. _ 345 


which was alkaline, that of the remaining tubes being neutral. As the 
trypsinogen was converted into trypsin the protein precipitate was 
digested and the contents of all the tubes became clear. The amounts 
of trypsin in the activated solutions show a progressive destruction of 
trypsinogen with increasing strengths of acid, but a considerable quantity 
of trypsinogen remained undestroyed even after the action upon it of 
‘9°/, HCl at.40°C., for one and a half hours. The experimental results 
demonstrate the remarkable stability of trypsinogen i in the — * 
acid at this 


After 14 hours at 40°C, 

P.J, HOSN HO Na,CO,(5N) 
loc. ‘Bec. 7 (licht ppft.. 7 2 clear 1000 
„ 6 clear 2 6 2 ppt. 630 

0 ppt. 8 0 200 


At higher temperatures the atability of trypsinogen in the a. 


of free acid is such that it may be heated to 100 C. for five minutes 


and a considerable quantity remain undestroyed. To ‘5 c.c. of pancreatic 
juice 45 C. of water and 05 c.. of HCl (N) were added. This mixture 
was heated to different temperatures for five minutes, cooled, neutralised 
by the addition of 05 cc. Na, OO, (N) and activated by “lec. of 
enterokinase. No destruction of trypsinogen occurred below 80°C., aud 
after heating to 100°C. for five minutes the amount of trypsinogen 


remaining in the solution was such that upon activation 1 c.c. coagulated 


30.0. of milk in three minutes corresponding to a trypsin content of 360 
in our units (one third of the trypsin contained in the original activated 
juice) 

in alkaline solution. Trypsinogen is not affected by 
es to 50°C, for one hour in the presence of 5 / Na, CO,. This 
property contrasts with the behaviour of trypsin which is entirely 
destroyed under these conditions within 45 minutes. At higher 
temperatures, 70° C., trypsinogen in pancreatic juice (alkalinity Na, COO, 
16 ) is destroyed within five minutes, No destruction is produced by 
heating to 60° C. for this space of time, so that it may be assumed that 
in the presence of Na, OO, 16 N trypsinogen is destroyed ve five 


| miu at approximately 65° C. 


Trypeinogen in neutral salt solutions, The effect of heat pai ton 
gen in the presence of neutral salts is shown in the following experiments. 
Samples of pancreatic juice containing CaCl, (5 N) and NaCl (5 N) 
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Wers heated to 60°C. and 70°C. for five minutes. A granular coagulum 
was produced in each tube. After cooling to 40˙ C. and adding 
enterokinase full proteolytic activity was developed in each tube 


‘containing CaCl, (5 N). In the case of pancreatic juice containing 


‘NaCl (5 N) that heated to 60°C. developed full proteolytic activity, 
‘whilst that heated to 70°C. was inactive. Pancreatic juice containing 
CaCl, 5 N heated to 80°C. for five minutes lost the whole of its 
trypsinogen. Therefore we may conclude that calcium chloride compared 
with sodium chloride raises the heat destruction temperature of tryp- 
sinogen ten degrees centigrade, these temperatures being approximately 
75°C. in the former and 65°C. in the latter case. In order to 
determine the comparative efficiencies of divalent positive ions to protect 
trypsinogen from heat destruction at 70° C., four test tubes containing 
pancreatic juice and CaCl, (5 N), SrCl, (5 N), MgCl, (5 N), and MgSO, 
(‘5 N) respectively were heated to this temperature for five minutes. 
At the end of this time the tubes were cooled and the remaining 
trypsinogen activated by the addition of enterokinase, After one hour 
1 cc, of the tube containing CaCl, (5 N) coagulated 3 cc. of milk in 
one minute ; in the case of the other tubes similar quantities of juice 
coagulated the same quantity of milk in ten minutes. In fact all the 
salts were able to some extent to protect the trypsinogen from heat 
destruction at 70° C., but the power of calcium was much greater than 
that of strontium or magnesium. When the remaining trypsinogen is 
activated the heat protein coagulum contained in each tube is dissolved. 
The appearance of a heat protein coagulum does not indicate that the 
trypsinogen is destroyed. In the case of calcium salts a large protein 
coagulum may be removed from the juice and its trypsinogen content 
be undiminished, thus differentiating the trypsinogen from the greater 
part of the protein content of the juice. But despite this it may be taken 
as a general rule that the greater the protein content the greater the 
quantity of ferment contained in the juice. 

Enterokinase in water. The best extractive for enterokinase con- 
tained in the mucous membrane of the small intestine is water, and 
accordingly the most numerous experiments were made with enterokinase 
contained in this medium. The following experimental results show 
that enterokinase dissolved in water undergoes a considerable diminution 
in activity when heated to 60°C. 7 

Tubes containing enterokinase were heated to 50°C., 60°C. and 
70° C. respectively for five minutes and then cooled. The activities of 

the resultant solutions were tested on pancreatic juice thus: : 
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Trypsin content after. 

„ 40 mins, 60 mins, 
3%. (unheated) 190 10 1000 
“4 1 (heated to50°C.) 190 310 1000 

“4 *1 (heated to 60° C.) 104 1 %᷑ꝑ rù 46 
4 1 (heated to 70° C.) 0 0 


ee dissolved in water is destroyed when heated to 70° 0 
for five minutes; loses a considerable degree of its activity when 
heated to 60° C for that length of time; and een 
to 50˙ C. 

Enterokinase in acidic solution. Enterokinase is 8 by the 
least trace of free acid at room temperature. 

Mixtures of enterokinase and hydrochloric acid were made up. 


(The enterokinase was obtained by extracting the mucous membrane 


of the upper 30 cms. of the small intestine with 20 c.c. of distilled 
water. The activity of a solution of enterokinase made in this way 
is such that 
minutes.) 

B 5 00. 25 25 . of 2 0.0. and 1 0.0. of Na, OO, 1 N respectively. 

These neutralised solutions were then added to pancreatic juice. 


8 o. o. 8 0. o. Beco A 
B 


No trypsin was developed in three hours, although in a control 
experiment in which no acid had been added to the enterokinase full 
proteolytic activity was developed in 30 minutes. From the figures 
it may be seen that assuming no hydrochloric acid was neutralised 
complete destruction of the enterokinase was produced by HCl (01 N). 
In this connection it is noteworthy that whereas enterokinase in water 
is quickly destroyed by small quantities of free acid, enterokinase 
present in a solution containing trypsinogen is more resistant to this 
destructive influence. In this latter case its stability approximates to 
that of the trypsinogen to which it is presumably adsorbed. 1 
.  Enterokinase in alkaline solutions. In contradistinction to its rapid 
destruction by hydrochloric acid enterokinase is stable in the presence 
of considerable quantities of sodium carbonate. The activity of an 
enterokinase solution containing 5% Na, COO, is not diminished by 


heating to 50°C. for an hour. In this property it resembles trypsinogen, 


and differs from trypsin which is thermolabile in alkaline solution. 
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Enterokinase in neutral salt solution. Sodium chloride does not 
protect enterokinase from destruction by heat, the temperature at which 
it is destroyed in the presence of sodium chloride being the same as when 
dissolved in water. But certain divalent positive ions protect enterokinase 
from heat destruction to a marked extent. The protection afforded by 
these salts and a comparison of these efficiencies * be: seen in snag 


experimental results. 
“Solutions of enterokinase containing CaCl, (8 N), (‘5 N), (n MeO — 
(60 eee were heated to 70°C. for five minutes, ovoled and 5 
5 0.0, 8 0.0. 20.0. CaCl, 150 190 1000 
„ 150 230 1000 
„ 360 
„ 0 16 
„ Mg, 0 
Calcium and strontium salts protect enterokinase from heat de- : | 


struction at 70°C. to an equal degree; barium salts are much less et 
efficient than the salts of calcium and strontium, The salts of 75 
magnesium exercise only a small protecting influence, the amount of 4 
enterokinase left in their solutions after heating to 70° C. for five minutes 
being very small, But compared with the effect of heat on enterokinase a 
dissolved in water even the salts of magnesium raise the heat destruction 
temperature about ten degrees. 

„The following table summarizes these results and shows the 
temperatures which destroy enterokinase in five minutes in the various 


media examined. 


® ond amin acid the rae 
of destruction of trypsin at 507 C. f 


⁵⁵ | 
of albumen, peptone, and amino-acids had been added 
were determined at 50 C. A 5% solution of peptone in water was 
with salt solution. 
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present after heating to 90 for 
apy. Before heating 11 n 1 1807 
Control 1 0% 1000 ouW—＋—᷑—— — 
0 8 peptone (8 1000 750 660 550 860 175 0 
” 2 10 1000 750 550 200 0 
1000 880 1900 70 0 — — 

4 Lee. cx albumen (1) 550 485 860 200 170 104 0 

465 08 „ „ 750 750 860 170 112 0 — 

tyrosin — 160 0 — — 


1 the shove figures. that 


and tyrosin, in 6˙6 % solution exercise very little protective influence 


against the destruction of trypsin by heat at 50°C. Both egg albumen 
and peptone delay to a marked degree the destruction of the trypsin: 
Approximately the same degree of protection is afforded to trypsin by 
the presence of 5 c. of peptone (5°/,) and ‘1 c.c. of albumen (1*/,)—in 

other words that as a protective agent egg albumen is twenty-five times | 
as potent as an equal weight of peptone. The results suggest that proteins 
exercise their protective function until they are digested by the trypsin, 
They certainly afford no confirmation of Vernon’s statement that the 
products of protein digestion exercise a greater protective influence: 
against the destruction of trypsin by heat than native protein, nor do 
they support his hypothesis tha: the protective power of a protein is 
intimately related to its capacity to neutralise the alkali of pancreatic 


juice. In considering the capacity of albumen to protect trypsin against 


heat destruction it is important to recognise that only small quantities 
of albumen must be used. It has been previously shown that egg 
albumen always contains antitrypsin and the addition of a large amount 
of egg white to pancreatic juice results it in the a of the 


grester part of trypsin. 


The presence in serum of anti- trypsin aud anti- enterokinase has heen 
3 in a previous paper. The quantities of these antiboilies 
present in blood are liable to considerable variations. In one experiment 
the amount of enterokinase present in 1 cc. of guinea pig’s serum was 
sufficient to neutralise twenty times the quantity of enterokinase 
required to generate full proteolytic activity in 1 c. of pancreatic juice 
in 15 minutes. 
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With regard to anti-trypsin the quantity usually present in 1 c.c. of 


blood is able to neutralise the trypsin generated in 1 oc. of pancreatic 
juice. The capacity of serum to neutralise trypsin suggested the 
hypothesis that trypsinogen consists of a combination of serum- 
anti-trypsin and trypsin and that the generation of trypsin from 
trypsinogen depends upon the digestion of the anti-trypsin moiety of 
the complex by enterokinase and consequent liberation of trypsin. 
Experiments made to test this hypothesis gave it no support; trypsin 
was never generated from its trypsin-antitrypsin compound after the 
addition of enterokinase. Nor did similar experiments with the 
anti-trypsin of egg albumen afford evidence of the hypothesis being 
applicable to this case. No trypsin is regenerated from the inactive 
trypsin-antitrypsin compound with the lapse of time, indicating that the 
antistryptic power of serum does not depend upon the presence of a 
special protein to which the trypsin is adsorbed ee to 
digestion. 

No evidence was obtained to indicate that serum contains an 
antibody possessing the capacity of neutralising trypsinogen. The 
power of serum to neutralise trypsin, and the absence of effect on 
trypsinogen, mark a fundamental distinction between the properties of 
these two bodies—a distinction which is comparable to the similar 
relations of serum to fibrin ferment and prothrombin respectively. 
Whether serum can neutralise pepsinogen has not yet been determined, 
but it appears as if the inactive precursor of a ferment may exist free in 
blood whilst the ferment generated from this precursor is neutralised 
by it. 
The fact that trypsinogen is not neutralised by blood may have 
important bearings on the metabolism of the tissues. In a subsequent 


section the distribution of enterokinase is discussed, and from the 


experimental evidence it appears that practically all tissues contain 
enterokinase in small amounts. If then trypsinogen may exist free in 
blood and be carried to any tissue, and any tissue may degenerate and 
thus liberate enterokinase, a mechanism is provided whereby the proteins 
of that tissue may be digested. The presence of anti-trypsin and 

anti-enterokinase in the blood prevents the extension of such digestion 
to any other tissue just as the presence of anti-fibrin-ferment in blood 
prevents the extension a a coagulum n the site of liberation of 
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(4) The distribution of enterokinase. _ 

Experiments were made to determine (a) the distribution of entero- 
ee in the small intestine and (b) the distribution of enterokinase i in 
the tissues of the body. 3 


Small intestine. Water extracts were made of the duodenal mucous membrane of a cat. | 


A. Superficial 
B. Deep 
aud 10 oms. in 10 0.0. of H,O. 


times with water. The following PV 
after varying intervals determined, 


Ist 10 cms. in 10 C. 0. of HO. 


P. J. HO 40 the 

5 6.0. 4 0.0. 10.0. A (1:10) 0 0 0 76 1000 

„ ae 1 c.o. B (1:10) 0 0 0 0 560 
15 + 10.0. C (1:10) 180 750 1000 — — 
ee su? te 10.0. D (1:10) 50 160 750 1000 — 


From this experiment it is evident that the superficial cells of the 
mucous membrane (is. the cells removed by scraping the membrane 
lightly) contain more enterokinase than the deep cells. The experiment 
disproves the hypothesis that Briinner’s glands are responsible for the 
secretion of enterokinase. These glands can be seen by holding the 
opened intestine to the light and the second 10 cms. was definitely 
below these glands. There was much less enterokinase in the part of 
the duodenal mucous membrane containing the glands than i in the part 
immediately below which was free from them. 

In a second experiment the distribution of enterokinase in the whole 
of the small intestine was determined. 


The small intestine of a cat was divided into seven equal parts, the whole of the 
’ mucous membrane removed from each part and ground up with sand and 50 c. o. of salt 
solution. After one hour’s incubation at 87° C. the extracts were filtered and their 
activities determined by diluting each filtrate ten times and adding ' c.c. of the diluted 
filtrate to 8 c.c. of pancreatic juice. 


Trypsin coutent after 
71 50 40 60 20 hrs.” 
5 7 750 
(3) 52 67 130 550 2 
” 1 (4) — 750 
1 (5) — — — 0 360 
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From these results it may be seen that the strongest enterokinase 
extract may be obtained from the 2nd 13 cms. of the cat’s small intestine, 
ie. that portion of the small intestine into which the pancreatic juice 
immediately passes. The first 13 cms.—a portion of which is situated 
above the pancreatic duct—contains much less enterokinase. Further, 
although enterokinase may be extracted from the mucous membrane of 
the whole of the cat’s small intestine, comparatively small quantities are 
present in the lower five-sevenths, the greater quantity being obtained 
from the first 25 oms. of the gut. 

Distribution of enterokinase in the tissues. Saline extracts of the 
following organs of a cat were made up, and incubated at 37°C., toluol 
being added to prevent bacterial decomposition. After filtration 5 c.c. 
of each extract was added to 5; c. c. of pancreatic juice and the proteolytic 


activity of each mixture determined i in milk after 3 hours and 20 hours 


incubation. 
P. J. „ 20 
8 0.0. HOM 83 52 
Lymph gland 155 1000 
Tongue 140 1000 
Lung 140 550 
Stomach 140 550 
Large intestine 135 435 
Thyroid 112 550 
Musole 78 360 
Parotid 78 200 
Kidney 70 124 
Suprarenal 68 118 
Brain 68 116 
Spleen 70 87 
Heart 64 100 
Submaxillary 0 50 


The results show that practically every tissue in the body contains 


enterokinase, but in minute quantities compared with the mucous 


membrane of the upper part of the small intestine. It is of interest to 


note that in the tissues examined lymphatic glands contained the most 


enterokinase, an observation which is in conformity with Delezenne’s — 


statement that lymphatic glands are a source of enterokinase. 


The almost ubiquitous nature of enterokinase may be gathered from 


the fact that it is contained in snake venom. 2 cc. of a 01 % solution 
of Indian viper venom activated 1 c.c. of pancreatic juice in 12 hours. 
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Bile however contains no enterokinase. In fact the addition of bile to 
pancreatic juice containing enterokinase diminishes the rate of trypsin 
formation since the alkali of the bile depresses the action of the wana 
kinase on the trypsinogen. 


(5) The action of ferments on trypsin, trypsinogen and 3 
_ Pepsin. The action of pepsin on enterokinase cannot be determined 
since the acid medium required for the action of pepsin rapidly destroys 
enterokinase. The addition of ‘2°/, HCl to a strong solution of 


enterokinase destroys the whole of it within a few minutes. Similar 


facts hold good for trypsin. Trypsin is stable in small concentrations of 
acid but 2% HCl quickly destroys it, so quickly that any digestive 
action of pepsin on it cannot be demonstrated. 

Trypsinogen however is stable in large concentrations of acid and 
the action of pepsin on it can be investigated. 

The following mixture of pancreatic juice, hydrochloric acid and 


pepsin was made up. A similar mixture — boiled pepsin v was 
used as a control. 


P. J. HOI(N) “ 
(A) ‘Sac. 10.6. 1 0. 0. active pepsin. 
(B) 8 0.0. 10.0. 100. boiled pepsin. 


The amount of acid added contained 2% HCl in excess of that 
required to neutralise the alkalinity of the pancreatic juice. After an 


hour at 38°C. 1 cc. of Na, OO, (N) was added to each tube. The 


solutions were tested on milk, but no clot was produced in either case 


showing (a) that the added alkali had destroyed the pepsin and (ö) the 


acid had not generated any trypsin from the trypsinogen. ‘1 c.c. of 
enterokinase was now added to each tube. After a further period of 
1 hour ‘1 Oc. of (B) clotted 3 0. c. of milk in two minutes whilst a similar 
quantity of (A) produced no coagulation in 24 hours. In fact the whole 


of the trypsinogen had been destroyed by the active pepsin added to the 


pancreatic juice in (A). Trypsinogen which had been acted upon by 
a similar quantity of hydrochloric acid only was unaltered. These 
facts are of importance in considering the effects produced by the various 
secretions of the alimentary canal on one another. Shortly stated, 
trypsin and enterokinase are destroyed by a strength of hydrochloric 
acid found in gastric juice. Trypsinogen is not injured by 2% HC), 
but pepsin acting in conjunction with this strength of HCI rapidly 
destroys it. Possibly the destruction of enterokinase by small quantities 
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of hydrochloric acid explains the comparative absence of enterokinase 
from that part of the duodenal mucous membrane immediately adjacent 
to the pyloric sphincter. The observations emphasize the importance | 
of an adequate content of alkali in the pancreatic juice and bile for 
a satisfactory performance of pancreatic digestion. 

Trypsin. This ferment has no action on trypsinogen. This absence 
ol effect is opposed to the deductions of Vernona» who concluded from 
his experimental observations that trypsin is a more potent activator of 
trypsinogen than enterokinase itself. In support of our statement we 
ive details of two experiments in which fresh pancreatic juice was 
treated with (a) active pancreatic juice containing a large quantity of 
trypsin and a minimal quantity of enterokinase and (6) active pancreatic — 
juice containing variable quantities of trypsin and a constant quantity 
of enterokinase. 

(a) 1 cc. of fresh pancreatic juice was neutralined by 15 cc. CaCl, 
(NJ) and completely activated by the addition to it of I c. enterokinase 
(1:100). The activity of the mixture was such that I c.c. coagulated 
3 cc. of milk in 14 minutes. To 1 cc. of fresh juice 2 c.c. of this active 
juice was added. The following figures give the rate of activation of 
the second mixture. 


Atonce 2 hrs. Shr. 
112 110 units 


The trypsin activity of the fresh juice was nil, so that the first 
trypsin estimation was due to the added juice. In three hours the 
tryptic content of the mixture fell off owing to the instability of the 
added trypsin in an alkaline medium at 40° C. (cf. supra). There was 
no indication of active trypsin formation from the trypsinogen of the 
fresh juice. That the mixture contained a large quantity of trypsinogen 
was evident from the fact that the subsequent addition of 1 cc. of 

enterokinase to it caused the production of 800 units of trypsin in ten. 

minutes. This direct experiment offers no evidence whatever in favour 
of the hypothesis that trypsin activates trypsinogen. 

Vernon has objected to this type of experiment on the ground that 
the added pancreatic juice was activated so slowly that the particular 
trypsin which can act on trypsinogen had disappeared. In this 
connection it may be stated that the active juice used contained an 
excess of calcium chloride and we have shown above that solutions 
of trypsin containing calcium salts retain ~ activities for — 

able periods of time. 
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This assumption of the evanescent nature of the activating variety 
of trypsin precludes any experiments being made by trypsin solutions 
containing only minute traces of enterokinase since, as we have 
previously shown, the rate of activation of pancreatic juice is roughly 
proportional to the quantity of enterokinase added. To analyse the 
nature of the activating process under conditions in which the added 
trypsin contains a large quantity of enterokinase it was necessary to 
carry out a series of comparative experiments. 

(6) The comparative rates of activation of fresh pancreatic juice 
by active juice containing variable quantities of trypsin and a constant 
quantity of enterokinase. 

A mixture was made of fresh juice and enterokinase in proportions 
which previous experiments had shown would become completely active 
in about half an hour. Every five minutes during this time the trypsin - 
content of this mixture was measured and at the same time its power 
of activating fresh juice was determined. The following table shows 
the rate of activation of the first mixture: se 

P. J. H,0 10 ay vy 
1 0.0. 08 . 6. 12 % 155 180 227 390 1000 units. 

To test the samples of this activating mixture at the different 
intervals of time 1 c.c, was added to 1 c.c. of fresh juice and the trypsin 
content of ‘1 Cc. of the secondary mixtures determined every hour. 
The following numbers were obtained : | 


content of secondary after 


1. 155 112 176 300 930 
180 125 190 550 1000 
8. ae 1385 212 600 1000 
4. 390 150 227 ‘750 1000 
5. 1000 202 355 1000 ae 


In considering these results we may fairly assume that the trypsin 
we are testing had not lost the property attributed to it by Vernon 
between the 25th and 30th minute of its activation process, and that 
therefore if trypsin is able, as he supposes, to activate trypsinogen, the 
fifth sample should be completely potent in this respect. Nevertheless 
‘1 cc. of this solution is only able to activate 1 c.c. of juice in three hours 
whilst 08 c.c. of enterokinase can produce this effect in 30 minutes. 

Again the curves of activation of all these-secondary mixtures to 
which the samples of active juice had been added are precisely similar 
PH. XLII. | 23 
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to those obtained from pancreatic juice to which enterokinase only had 


been added. On Vernon’s hypothesis these secondary mixtures should 


have become immediately active since he assumes that the initial slow 
stage of trypsinogen activation is due to the generation of activating 
trypsin from its precursor by enterokinase. 

Further the second sample containing only 180 units of trypsin 
brought about activation in four hours whilst the fifth sample containing 
more than five times as much required three hours to produce the same 
result. This minute acceleration produced by increasing quantities of 
trypsin on the activation of trypsinogen is in marked contrast to the 
action of increasing quantities of enterokinase. The following figures 
show that the velocity of trypsin: formation from trypsinogen by 
enterokinase is nearly proportional to the quantity of enterokinase 


5 c. o 0 5 15 mins. 75 
5 8 2 1 64 

5 4 60 „ 60 

5 46 04 180 „ 72 


This result affords strong evidence that enterokinase acts as a 
ferment directly on trypsinogen without the intervention of any second 
substance, 


It seems to us perfectly clear that the effects produced by the 


samples of activating juice were due to the enterokinase contained in 
them. The slightly increased rates of activation produced by later 
samples of the juice which contained more trypsin were thus due to the 


fact that these contained more immediately available enterokinase since 


this is released from its trypsinogen combination when activation 
occurs. | 

All the experimental results which we have obtained militate 
against the assumption that trypsin itself can generate trypsin from 
trypsinogen. We believe that they are readily explained on the 
hypothesis which we have put forward to elucidate the activation 
process. On this hypothesis the form of the activation curve is due to 
the fact that the enterokinase must first combine with the trypsinogen 
before activation can take place. At the beginning of the process the 
proportion of enterokinase to trypsinogen is small and the chances of 
any trypsinogen molecule adsorbing a sufficient number of enterokinase 
molecules to break it down are minute. As activation proceeds the 
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chances proportionately increase until the ratio of enterokinase to 
trypsinogen becomes large and the rate of activation great. 

Enterokinase resembles trypsinogen in being unaffected by active 
trypsin, and solutions of trypsin may contain large quantities of 
enterokinase which retains its full activating power. 

The action of trypsin on pepsin cannot be determined since trypein 
acts only in alkaline solution and the least trace of free alkali rapidly 
destroys pepsin. 

Enterokinase. A possible explanation to account for the rapid dis- 
appearance of trypsin in alkaline solution appeared to be its digestion 
by enterokinase. This hypothesis was tested by adding various amounts 
of enterokinase to activated pancreatic juice at 40°C. and noting the 
rates of disappearance of trypsin on the various cases. No variation in 
the rates of trypsin destruction was found in any case, this disproving 
the hypothesis that enterokinase destroys trypsin. 3 

The action of enterokinase on n. has been previously 
discussed in detail. 


(6) Bacteria on trypsin and 8 

It is usually found that putrid pancreatic juice becomes spontaneously 
active. This onset of activity may be due to the presence of entero- 
kinase in the bacteria, or the two effects may synchronise, since both 
the growth of bacteria and the activation of the trypsinogen by the 
small quantity of enterokinase contained in the juice are ed 
by an increase of temperature. 

A few experiments were made to test for the presence of enterokinase 
in bacteria, Inactive pancreatic juice was inoculated with B. subtilis, 
B. paraceti (Widal), B. coli (old type), B. coli (new type) and Moellin’s 
dung bacillus. The juice to which no culture had been added showed 
no trace of activity in two days whilst within 24 hours the tubes 
to which Moellin’s dung bacillus, B subtilis and B. colt, had been 
added showed well-marked proteolytic activity. All these bacilli liquefy 
gelatine and the proteolytic effects noted might have been due to the 
production of ferment by the bacteria themselves, However the 
variations were sufficiently marked to indicate that the tryptic action 
was due to the enterokinase contained in them activating the trypsinogen 
of the pancreatic juice. This may explain the preservative action of 
sodium fluoride on trypsinogen, the effect being due to its power of 
preventing the growth of bacteria rather than to any specific effect 
upon the activation process. This hypothesis is supported by the fact 

23—2 
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that the capacity of sodium fluoride to preserve trypsinogen in an 
inactive condition in pancreatic juice does not depend upon its power 
to precipitate calcium salts. Again the following experiment shows 
that sodium fluoride does not inhibit to any marked degree the action 
of enterokinase on trypsinogen. Mixtures of pancreatic juice, sodium 
fluoride and enterokinase were made up and the rate of development of 
trypsin determined in them: | 7 


Trypsin content after | 
v. 3. E Ahr. 14 bra 
1 0. o. 05 9 0⁵ 1000 1000 1000 550 
0 1 85 1 1000. 1000 875 435 
‘5 2 7⁵ 15 1000 1000 550 230 
55 3 33 1000 1000 435 210 
75 . 55 140 275 360 750 
140 250 310 750 


These figures show that sodium fluoride must be present in large 


quantities (NaF 25 N) to inhibit to even a small degree the action 


of enterokinase on trypsinogen. The observation is in line with the 
general fact that antiseptics may inhibit the growth of bacteria and yet 
not affect the course of ferment actions. 

The destruction of trypsin after the activation of trypsinogen has 
been assumed to be due to auto-digestion; the ferment molecules being 
unemployed digest one another until only a few are left. The more 
rapid destruction of trypsin in alkaline compared with neutral solution 
is explained on this hypothesis, since trypsin is most active in an 
alkaline medium. Also on this hypothesis the protective action exerted 
by proteins against the spontaneous destruction of. trypsin is explained 


as being due to these substances combining with the ferment and oO 


protecting the ferment molecules from one another. But possibly this 


so-called auto-digestion of trypsin is due to the essential instability of the 


ferment molecule, an instability which reaches its highest degree in 
alkaline solution. The strongest argument for this assumption is that 
the rate of trypsin destruction constantly accelerates with rise of 
temperature until at 60°C. the whole of the trypsin disappears within 
five minutes. There is no optimum temperature such as is seen in 
ferment actions with temperatures on either side of the optimum at 
which destruction takes place at a slower rate. On this latter 
hypothesis the influence exerted by proteins against the spontaneous 
destruction of trypsin depends upon the adsorption of the ferment by 


the protein whereby. the stability of the ferment — to that 
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SUMMARY AND CONCLUSIONS. 


Trypsin, trypsinogen and enterokinase show great variations in their 
relations to destructive agents. In these relations the effects of three 
variables have been considered, the medium in which the ferment was 
dissolved, the temperature of the medium and the length of time during 
which this temperature was maintained. The more important —— 
may be briefly summarised as follows : 

(1) Trypsin. | 

(a) The only effective agents for preserving 8 at 38˙ O. for 
a considerable length of time are the salts of the metals of the alkaline 
earths, particularly those of calcium. 

(6) In alkaline solution (Na,CO,‘16 N) trypsin is destroyed within 
45 minutes at 50° C. and within five minutes at 60° C. 

(e) In acidic solution (HCI 025 N) trypsin is slowly destroyed at 


50 C. (but less rapidly than in neutral or alkaline solution). In the 


presence of this amount of free acid a small amount of shins remains 
undestroyed even after boiling for five minutes. 

(2) Trypsinogen. 

(a) This zymogen is preserved indefinitely in the presence of 
Na, CO, (16 N) at room temperature (apart from its being activated by 
enterokinase). It is destroyed in this medium after heating to 65° C. 
for five minutes. 

(b) HCl (25 N) has no effect on it at 40° C., and after heating to 
100° C. for five minutes in the presence of HCl (025 N) over 30 %,) 
remains undestroyed. 

(c) In the presence of neutral salts the temperature of 8 
varies, After heating to 65°C. for five minutes in the presence of 
NaCl (5 N) trypsinogen is entirely destroyed ; in the presence of 
CaCl, 5 N the heat destruction temperature is raised to 75°C. After 
adding CaCl,"5.N to pancreatic juice and heating to 70°C. for five 
minutes a considerable protein coagulum may be removed without 
diminishing the trypsinogon content of the juice. 

(3) Enterokinase, 

(a) The most marked property of this ferment is its immediate 
destruction in the presence of free acid (HCI 01 N) at 16° C 

(b) When dissol ved in water, or water containing NaCl (5 N), it is 
destroyed after heating to 65°C. for five minutes; the presence of 
CaCl, (5 N) raises the heat destruction temperature to 75° C. 
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(4) Albumen, peptone, and amino-acids protect trypsin contained 
in pancreatic juice from heat destruction at 50°C. in varying degrees. 


The degree of protection afforded by leucin or tyrosin is extremely slight, 
that by egg albumen considerable. Egg albumen is twenty-five times 
as effective as an equal weight of peptone in this respect. The duration 
of protection against heat destruction appears to be related to the length 
of time taken by the trypsin to digest the added protein. 


(5) Serum contains anti-trypsin and anti-enterokinase but no 


anti-trypsinogen. The trypsin-antitrypsin compound cannot be broken 
up so as to liberate the trypsin. 


(6) Enterokinase occurs in greatest quantity in the mucous 


membrane of the first two-sevenths of the small intestine, and in greater 
quantities in the superficial than in the deeper layers. In the remaining 
five-sevenths only a comparatively small quantity of enterokinase is 
present. There is evidence that the secretion of enterokinase is not 
a function of Briinner’s glands. Further, enterokinase may be found in 
small quantities in almost every tissue of the body. 
(7) The secretions of the stomach and pancreas react upon one 
another in the following ways: 


(a) Enterokinase and trypsin are destroyed by the hydrochloric 


acid of gastric juice, but trypsinogen is not acted upon. 
(6) Trypsinogen is destroyed by pepsin and hydrochloric acid. 
(o) Trypsin has no effect on enterokinase or trypsinogen. 
(d) Enterokinase has no effect on trypsin but activates trypsinogen. 
(e) Pepsin is destroyed by the alkali of pancreatic juice. 
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LACTIC ACID FORMATION, SURVIVAL RESPIRATION 
AND RIGOR MORTIS IN MAMMALIAN MUSCLE. 
By W. M. FLETCHER, Fellow of Trinity College, Cam- 


Cron the Physiological Laboratory, Cambridge.) 
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In a communication to the Physiological Society in 1904, I gave 
a preliminary account of the CO, output and its changes of rate in the 
case of freshly excised mammalian muscle, and compared it with the 
survival discharge of CO, from amphibian muscle which had been 
described earlier’. At that time no information was available with 
regard to the rate of survival production of lactic acid, and the 
publication of the details of the CO, discharge was postponed in the 
hope that they might be correlated later with that other obvious 
chemical change in the muscle. Parallel determinations of the course 
of lactic acid production have now been made and may be given first. 


I. Lactic ACID FORMATION IN UNINJURED MAMMALIAN MUSCLE. 


It is generally assumed that uninjured mammalian muscle becomes 
acid by formation of d-lactic acid as it passes into the stiffness of rigor 
mortis upon cessation of the circulation, or upon excision, but the 
balance of actual chemical evidence already published in favour of this 
view is still very slight, and even now it is based chiefly on the very 
probable similarity between mammalian muscle and amphibian, in which 
the survival production of lactic acid has been demonstrated by successive 
estimations in its course*, In that paper (p. 258), reasons were given to 

1 Fletcher. This Journal, XXIII. p. 10. 1898. 3 3 
Pletcher and Hopkins. Ibid. xxxv. p. 247. 1907. 
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account for the striking conflict of previous experimental evidence for 
and against a survival-production of acid, and this was shown to arise 
chiefly from the technical difficulties in the way of estimating the 
condition of ‘fresh’ muscle, resting and uninjured. The methods of 
extraction used by earlier observers have very commonly caused, by 
injury to the irritable muscle, a large acid yield, equal to, or even 
greater than, that found in the dead stiff muscle. In the case of 
mammalian muscle, Blome' and Heffter* urged that no production 
of lactic acid occurred at all in the onset of rigor mortis, and v. Fürth“ 
found only a small increase. More recently Osborne‘, in a preliminary 
communication, given without details of procedure or any quantitative 
results, followed Boehm® and others in supporting the original views of 
Du Bois Reymond and of Nasse, and stated that “the post mortem 
formation of acid in mammalian muscle is not confined to the period of 
rigor but starts immediately on cessation of the circulation.” Assuming 
this formation of acid to occur, we still have little or no knowledge of 
its time-relations as rigor proceeds. 

The difficulty of obtaining even approximate estimations of the 


lactic acid present in fresh uninjured muscle, without causing an 


additional acid yield by the methods used, is of course much greater 
in the case of the warm mammalian muscle than in that of amphibian 
muscle. I have described the very rapid production of acid in injured 
mammalian muscle and its retardation at low temperature“. At body 
temperature the muscle when mechanically injured (by cutting or 
mincing for purposes of extraction and estimation), may reach its 
maximum of lactic acid yield (about 5% of the muscle weight) within 
half an hour, After this maximum has been reached no further 
development of acid occurs, if bacterial contamination is prevented. 


These results for injured muscle have more recently been confirmed by Embden’ and 
his fellow workers, using expressed muscle plasma. In these experiments the muscle (of 
dogs) was excised as rapidly as possible after death, minced in a machine, and then 
frozen. The mincing accordingly seems to have been done almost at body-temperature, 
or even above it if the machine was not specially cooled. As I have shown (loc. cit. p. 290), 
the muscle during such procedure rapidly approaches its maximum acidity. It is not 
surprising then that Embden and his colleagues, having expressed the juice from the 


1 Blome. Arch. f. exp. Path. u. Pharm. XVIII. p. 118. 1890. 

2 Heffter. Ibid. xxxvum. p. 447. 1897. 

* v. Fürth. Hofmeister’s Beitr. M. p. 548. 1903. 

Osborne. Proc. Physiol. Soc. p. xlix. 1901. (This Journal, XVI.) 

o Boehm. Eftuger's Archiv, XXII. p. 44. 1880. 

* Fletcher. This Journal, XIII. p. 286. 1911. 

Embden, Kalberlah and Engel. Biochem. Ztschr. Av. p. 45. 1912. 
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frozen muscle so prepared, found that it already contained much lactic acid. In the cold 
juice taken at once, Embden found 53 % lactic acid (taking the average of ten experi- 
ments, and giving his zinc lactate figures as acid) and he found an average of 61 % lactic 
acid after digestion at 40°C. for an hour or more. Kondo! by the same methods used in 
the same laboratory obtained much lower figures, finding in the fresh cold juice 814% 
lactic acid (average of four experiments), which rose to 373% after half an hour at 40° C., 
and, except in one case, rose no higher thereafter. 
For the maximum acidity of injured rabbit muscle, reached or very closely approached 
within half an hour at 40° C., I found ‘535 % zinc lactate (average of 30 estimations), or 
395 %% lactic acid. The estimations of expressed muscle juice must be expected to give 
higher figures than muscle extracted as such, because the plasma yielding the acid is 
taken alone without connective tissue elements, which would reduce the apparent per- 
centage yield by the total muscle. It is not easy to explain the wide difference between 
_ Embden’s figures and those of Kondo. 


It follows that in determining the yield of lactia acid due to 
spontaneous survival changes, every precaution must be taken to avoid 
mechanical injury. The final injury necessary for the purposes of 

extraction and estimation, when the muscle is chopped or ground to 
fragments, must only be inflicted at temperatures low enough for the 
mechanical stimulus to be ineffective in acid production. 

For all the determinations to be given below, the uninjured muscle, 
previously maintained at body-temperature, was excised with minimal 

injury to the muscle fibres when the time chosen for estimation was 
reached. It was then frozen, and kept close to 0° C. during the chopping 
and grinding processes of extraction. The more completely these 
obvious precautions are taken, the lower is the figure obtained for the 
lactic acid estimation of the freshly excised resting muscle. This is 
shown by the following figures which I have determined for the resting 
muscles of the hind limb of the rabbit, taken immediately after 
stoppage of the circulation and treated by different methods : 


(a) Muscles cut up and minced directly at body-temperature and at . 
once extracted with alcohol at room-temperature . 
0 Muscles cooled for a few minutes while weighing before mincing, _ 
to room-temperature (18° C.). Extracted in alcohol at room- 
temperature . 0 
le) Muscles frozen in mixture of ige and salt, minced in cold 
machine, handled for weighing in frozen dishes, and ground 
with sand in ice-cold alcohol "15 
: (d) Single muscles excised with minimal injury, ieee 
i | air, and the very brittle masses resulting cracked up in a 
1 mortar cooled with liquid air, and ground in ice-cold alcohol 08 % 


It is most important in arranging the technical details of any 
cooling method to secure that when the muscle has once been frozen : 
1 Kondo. Biochem. Ztschr. xiv. p. 68, 1912. 
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there shall be no return to a thawing temperature even temporarily, for 
the. purposes of weighing or otherwise. As is well known, a frozen 


muscle returning to a given temperature which allows thawing, enters 


rigor (produces acid), faster than would be the case if it had been cooled 
to that temperature and not below it. On this account, freezing methods 
used for the manipulation of the muscle may give unexpectedly high 
lactic acid results if the maintenance of cold is not rigorous throughout. 
The estimations which are to be given here were made by weighing 
the zinc lactate after the methods previously described. Rabbit muscle 
was used in all cases. 
The following result is typical when the mixed muscles of the hind 
limb are used. 


‘Exe. I. Two closely similar rabbits killed and bled at 


10.50 a. m. One hind limb (A) rapidly removed, and both rabbits, otherwise undisturbed, 
put into a thermostat at 88° 0. (A) in a freezing mixture of ice and salt at 10.52. Of the 
three remaining hind limbs, (B) was similarly treated at 11.40, (C) at 1.50 p.m., (D) at 
7.50 p.m. In each case, when the muscle was frozen hard, it was removed with a cold 


knife, minced in d cooled mincing machine, weighed in a cold dish and ground up with 


The estimations were : 


Zinc lactate 
A. 110°3 gms. extracted at once ... 159 % 
B. gms. extracted after 50 mins. at 88° b. 243 
C. 77˙4 gms. extracted after 3 hours at 88°C. "453 
D. 85°83 gms. extracted after 9 hours at 88° C. 518 


These results are shown graphically in part of Fig. 1. 


The mixed muscle used in this and in similar experiments includes 
of course both red and white muscle fibres, with a great preponderance 
of the white fibres. The physiological time-relations of the red and 
white fibres are known to be different, and those of the mixed muscle 
represent only the resultant of its constituents, though this is to be 
expected to approximate more nearly to the relations of the pre- 
ponderating white than to those of the relatively sparse red fibres. 
Owing to the well marked segregation of the two kinds of fibres in 


different muscles of the rabbit, relatively pure red and white muscles — 


may be taken and separately used for estimation, 

Determinations have accordingly been made of the acid yield in the 
uninjured gastrocnemius, representing the white fibres, and these give 
results close to those found for the mixed muscle. The estimations 
were made in pairs, for the right and left gastrocnemius respectively of 
the same rabbit, after different intervals of time allowed at body- 
after death, 
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_ Exes. -V. In each case the gastrocnemius was left untouched at body - temperature 
for a stated time after death. It was then cooled towards freezing, excised without injury 
to the muscle fibres, weighed and placed in a freezing mixture, When frozen throughout 
it was sliced with a cold knife into ice-cold alcohol, in which the thin slices were ground 
up with sand and treated thereafter as usual. eee 


Zinc lactate 
II. Gastrocnemius R. 14 gms. extracted at once ... 150 / 
L. gms. extracted after 1 hour at 86°C. 259 

m. R.173 „ ” 33 55 55 
IV. 55 R. „ 55 11 „ ‘217 
” L. 18˙7 „ ” „ 82 „ ” 40 

V. 55 B. 11˙5 „ 55 » ” 28 
* L. 121 „ 55 389 


Hours | 2 3 1 6 7 8 
Fig. 1. (Exps. I-VII.) The course of lactic acid production in uninjured mammalian 
muscle (Rabbit), for. the mixed muscles of the hind limbs, for white muscle (gastro- 

cnemius) and for red muscle (soleus), maintained at body-temperature (38° C.). 
Tue points for white and red muscle which are joined by lines represent estimations 
of muscles taken from one individual animal. Ordinates are e e to grammes 

n of muscle weight. 


These results are also shown 3 in Fig. 1. In the ae 


the paired estimations from the same animal in the same experiment 


are joined by lines. It will be noticed that in these estimations a much 
smaller weight of muscle has been used than in any previously published. 


There appears to be no difficulty however in obtaining concordant paired 


results, so long as scrupulous pains are taken to secure the exactly 
similar treatment of each member of the pair throughout all the 
processes of estimation, The results have appeared to be sufficient 
for the present purpose, and it has not seemed necessary to go to the 
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ieee sots of muscles from several rabbits 
for each estimation. 

It will be seen that the rate of lactic acid output by the white 
muscle approximates to that of the r ted muscle, according to expecta- 
tion. The results show that acid formation proceeds from death onwards, 
to reach a maximum at the end of three hours, or a little later, at 
body-temperature. The rate of production appears to follow a linear 


course, equal yields occurring in equal times, and this agrees with what 


has been shown for amphibian muscle’. To settle decisively however 
the question whether the rate of acid yield in mammalian muscle is 
strictly linear in character would require for this unsuitable material 
very many more estimations, involving a much larger expenditure of 
animals and of time. Until there is any reason to think that the 


processes yielding lactic acid in amphibian and mammalian muscle 


respectively are different in kind, this question of the curve of production 
will be more suitably studied in detail in the amphibian muscle. 

The estimation of the acid yield by the red muscles is made difficult 
only by the small size of the segregated red muscles. Collecting these 
from one hind limb of the rabbit it is unusual to get more than 4 to 6 
grams of uninjured red muscle. One soleus weighs about 2 grams. 
I have not yet attempted to follow, by the sacrifice of ‘shuffled’ sets 
of rabbits, the exact time-relations of the acid yield in red muscle, but 
for the present purposes it has been shown that the rate of acid yield 
after death is much slower in the red than in the white fibres. The 
tendinous red muscles of the fore limb I have not found so suitable 
for use as those of the hind limb. 

Exp. VI. From the same rabbit as that used for Exp. IV above, the collected red 


muscle from both hind limbs was taken 8} hours after death, after maintenance at body- 
temperature. They were frozen and treated like the white muscles for estimation. 


Zinc lactate 
10-5 gms. red muscle, after 34 hours at 38° C. yielded 5 "219 %/, 
438 


Exe. VII. Rabbit killed 11.0 a.m. In thermostat at 38° C. till 4.45 p.m. Red 
muscles collected as in Exp. VI from both hind limbe. 


Zine lactate 
9°63 gms. red muscle, after 52 hours at 88° O. yielded 8 327 % 
The corresponding yield of similarly treated gastrocnemius was 46 


These results confirm the early observations of Gleiss“, who found 
by the use of simple qualitative and titration methods that in both cold 


Fletcher and Hopkins. Loe. cit. p. 270. 
* Gleiss. Pfliiger’s Archiv, XII. p. 69. 1887. 
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and warm blooded animals the slowly contracting red muscle developed 
less acid than the quickly contracting white muscle. Whether after 
rigor mortis, or as the immediate result of activity, the mammalian — 
gastrocnemius was found to be more acid than the red soleus, though 
the difference in acidity was not so clearly seen in the case of the resting, 
unstimulated, stiffened muscles. 


II. SURVIVAL RESPIRATION IN MAMMALIAN MUSCLE. 


Determinations have been made of the changing rate of CO, output 
by the limb muscles of the rat, and by individual white and red muscles 
of the rabbit, from the time of cessation of the circulation, or excision, 
onwards. The CO, estimations were made by the use of the modified 
Blackman apparatus described in detail earlier’, in which the CO, drawn 
at regular rate by aspirators through the experiment chamber containing 
the muscle preparation is absorbed by standard baryta solution, which is 
titrated afterwards against standard hydrochloric acid, with phenol- 


phthalein as indicator. The absorption and titration are carried out in 


a closed chamber and the stirring necessary for good titration is effected 
by a stream of pure air bubbles. The necessary parts of the apparatus 
are in duplicate, so that absorption can be continued in one chamber 
while titration is done in the other, and the observations of the CO, 
output may be made continuous. The arrangements secure that even 
when no absorption is going on, the rate of aspirator flow is constant 
and no accumulation of CO, remains in the experiment chamber to 
increase unduly the amount determined for the next period of observa- 
tion. | 

Very few previous observations of the survival respiration of mammalian muscle 
appear to have been made. Kemp, by the use of the same chemical methods as those 


described in my former paper, has made determinations of the CO, output from excised 
amphibian and mammalian muscle, of which he has given the results in outline 2. For 


- mammalian muscle he found that the CO, output fell at first rapidly, then more slowly, 


from a maximum immediately after excision. My results show that this is not strictly 


the case, if body-temperature is maintained. Kemp makes the further statement that in 
the cases both of amphibian and mammalian muscle the rate of CO, discharge is not 
affected by changes of temperature between 18° C. and 30°C. My own earlier results, 
as well as those now to be given, are wholly opposed to this highly improbable want 
of relation between temperature and rate of chemical change. 


The normal course followed by the changing rate of CO, output from 
freshly excised mammalian muscle, maintained at or near body-tempera- 
ture, is shown in the following experiment. 


1 Fletcher. This Journal, xxm. p. 10. 1898. 
* Kemp, with Hayhurst and Clark. 7th Internat. Physiol. Congress. 1907. 
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' Exp. VIII. Rat killed and bled 10.50 a.m. The right fore and hind limbs, rapidly 
skinned and removed with the least injury to muscle fibres, placed to hang freely in 
tubular chamber (volume of chamber 70 c.c.). Air current “The muscle 
chamber was kept in a thermostat at 86°C. throughout. 

Vol. of Rate of CO, discharge 
aspirator 


‘Kime C0, absorbed flow in d.. per half hour 
a.m. 215 0.0. 24 54 
11.41—11.56 36 30 74 
12.6 —12.21 p.m. 25 = £80 19 
12.81—12.46 88 30 76 
12.55— 1.10 68 
1.22— 1.87 29 58 
1.45— 2.8 275 46 
2.11— 2.82 29 40 “42 
5.57— 6.18 -20 42 28 
6.48— 7.3 "22 40 
8.49— 9.9 p.m. 295 41 “44 


Chamber opened. Bacteria! changes beginning, —smell of early putrefaction. 


In Fig. 2, the results of these determinations are expressed 3 
The ordinates are proportionate to the rates of CO, discharge, the 
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Fig 4 (Exp. VII.) The course of CO, output from mixed mammalian muscle (Rat) 2 
a after excision, with body-temperature (86° C.) maintained. 


The enclosed areas represent the actual volumes of CO, as shown by the titrations, 
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abscisse to time - intervals, so that the enclosed areas represent the 
volumes of CO, actually absorbed in each estimation. 

It will be seen that the discharge follows a different course from 
that previously described for the amphibian muscle. From the freshly 
excised muscle of the frog the maximum rate of CO, output is found 
immediately after excision. The rate then declines until at about the 
fourth hour, or later, according to the temperature, it reaches a level of 
production which is steadily maintained for _? hours at ordinary 

room-temperatures. 

In the case of the rat's muscle, the initial rate of discharge is not 
the maximum. The rate increases from excision and reaches a maximum 
a little more than an hour later. From this point the rate declines, 
following an exponential curve, for five or six hours. At the high body- 
temperature (here 36° C.) the survival discharge is then interrupted by 
the onset of bacterial putrefaction leading to a rapidly increasing output 


of CO,. It is extremely difficult to secure the absence of this bacterial 


invasion, even by the most stringent aseptic precautions in the prepara- 


tion of the muscle. But in proportion as the aseptic methods are successful 
and the bacterial invasion is delayed, the declining curve of survival 
CO, discharge more closely approaches the zero level. Excised 


mammalian muscle which has been treated aseptically, so that bacterial 
contamination has been prevented for ten or twelve hours, yields only 
traces of CO,. The declining curve in Fig. 2 would approach the base 
line exponentially if uninterrupted by the accident of beginning bacterial 
output. 

That the initial rate of discharge rises to reach a maximum later, 
would indicate then that in the earliest periods after excision the rate 
of production of CO, within the muscle substance is greater than the 
rate of diffusive escape from the muscle to the air current. The 
exponential decline after the maximum has been reached is most 
simply explained by supposing that the fresh production of CO, within 
the muscle has ceased, or has nearly ceased, and that the discharge 
thereafter represents its progressi ve escape by diffusion, until the fresh 


yield of CO, due to bacterial invasion begins to appear. 


If the breakdown processes within the muscle are delayed by a 
reduction of temperature, the production of CO, within the muscle does 
not exceed in rate the escape by diffusion, and the curve of discharge 
instead of rising, falls from the beginning. This may be shown in an 
experiment exactly similar to the last, in which the two limbs of a 
similar rat were used, but in which the survival discharge was followed 


2 > 4 t A. — 
| 1 
ug 
| 
| “a 
| 
Ag 
aS 
* 
* 
| 
an 
<4 
22 
ag 
* 
2 
} 
72 
“a 
a 
4 


370 W. M. FLETCHER. 


at room-temperature (17 C.) from excision onwards. The result is 
given in Fig. 3. Full protocols of the estimations are not given in this 
case again because the figure supplies all the significant information, 
with regard both to the precise periods of observation and to the 
amounts of CO, estimated in each. 

Exp. IX. Rat killed and bled at 12.30 p.m. Right fore and hind limbs arranged as in 
last experiment in a tubular chamber, Air current began 12.34. Chamber at 17°C. 
throughout. The results are plotted in Fig. 3. 

In these two experiments we have been dealing with the mixed 
muscles containing both red and white fibres. For the determination 
of the CO, of these separately the gastrocnemius and soleus muscles of 
the rabbit have been used. These are given — in Exp. = of 
which the results are graphically shown in ate 


— 

er — 

47 

Hous 1 2 3 4 5 7 7 9 10 


Fig. 8. (Exp. IX.) The same experiment as in Fig. 3, but carried out at 
room-temperature (17°C.) from excision. 


_ Exp. X. Rabbit killed and bled 10.40 a.m, From both right and left limbs the 
_ gastrocnemius and soleus were excised with the least injury to their muscle fibres. The 
rest of the animal was kept at body-temperature for the observation of the time of onset 
ol stiffmess in the other muscles. The two gastrocnemius muscles were arranged in a 

tubular chamber, the heads of the muscles being separated as widely as possible without 
injury to muscle fibres, so 98 to give the largest area for diffusion outwards of the CO 
The soleus muscles were placed in another tubular chamber, and both chambers were 
kept in a water bath maintained at 39°C. Moist CO,-free air was supplied to each, the 
aspirator current beginning at 10.55 a.m. Simultaneous estimations were made of the 
CO, leaving both chambers. The first. period for estimation began for both at 11.10, and 
ended, for the gastrocnemius chamber at 11.20, for the soleus chamber at 11.80. The 
two gastrocnemius muscles weighed 32 grams, the two soleus muscles 4 grams. The 
onset of rigor mortis in the rest of the animal was observed to be as follows,—the jaw was 
noticeably stiff at 11.30 a.m., and fully so at 12.0; shoulder stiffness began at 11.45, the 
limbs were fairly stiff at 12.0, and fully stiff after 12.40 p.m. 


The results of these estimations, and all those 8 them, are 


given in Fig. 4, and the full N again W 9 not be given in 
duplicate numerical form. 
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It will be seen at once on reference to Fig. 4, that while the curve of 
discharge for the gastrocnemius closely resembles that for the mixed rat 
muscle at body-temperature, the curve for the soleus, at 39°C., more 
nearly resembles that for the mixed muscle at the lower temperature 
(17° C.) 

For the consideration of these results we now have information with 
regard to the production of lactic acid within the muscle, In the white 
gastrocnemius from excision onwards we have a rapid formation of the 
acid, and during the first hour and a half the rate of evolution of 
CO, rises. The fresh liberation of CO, in this period exceeds in 


J * * * * * * * 


ðV“ͤ 


Fig. 4. (Exp. X.) The course of CO, output from white (gastrocnemius) and red (soleus) 
muscle of Rabbit respectively, after excision, and with body-temperature (89° C.) 
maintained, 

The plain areas represent CO, estimations for the gastrocnemius, the shaded areas 
those for the soleus. The time period marked R represents that in which the stiffness 
of the general body musculature was observed to begin and reach its maximum. 


rate that of the diffusion escape of the CO, already existing in the. 
muscle at the time of excision. But at the end of the second hour 
the rate of CO, discharge begins to fall, at first rapidly, later more 
slowly, so as-to approach zero exponentially. The fall in rate of CO, 
discharge begins before the maximum acidity is reached, as a comparison 
of Figs. 1 and 4 will show. In all the observations I have made 
of the survival output of OO, from the gastrocnemius the fall in rate 
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of output has begun at latest by the end of the second hour from 


excision, though the maximum development of lactic acid is not 


reached until the end of the third hour at earliest, in the uninjured 
muscle kept at body-temperature. It will be noticed that in the 
experiment given in Fig. 4, the stiffness of the general mixed muscu: 
lature of the body was apparently completed in the second hour, 
but it is clear that obvious stiffness, mechanically judged, may be 
established in a limb before the maximum ‘acidity of an individual 
muscle has been reached. The time-relations of the post mortem 
shortening of the white and red muscles respectively are dealt with in 
the next section. 

The lower curve in Fig. 4, representing the output of CO, by the red 
soleus, shows a falling rate of output from the beginning. Here, as we 
have seen in the last section, the rate of acid formation in the muscle is 
much slower and the rate of fresh production of CO, within the muscle 
after excision does not exceed the rate at which the CO, is able at 
first to escape by diffusion. 

The yield of CO, then after excision is closely associated with the 
production of lactic acid. Wi th rapid acid production there is rapid 
CO, production. With slow acid production, whether in muscle at 
temperature below that of the body, or in muscle with the slower 
processes of the red fibres, the production of CO, is slow. 

No evidence has been obtained of any CO, production independently 
of the lactic acid production. If no bacterial action is allowed, there is 
no evidence of any yield of CO, after the maximum acidity is reached, 
and the diffusion escape of the last traces of the CO, associated with it 
has been completed. It is easy to arrange that the maximum acidity 
shall be reached very rapidly after excision by injuring the muscle. If 
muscle be cut up after excision and kept at body-temperature, the 
maximum acidity, as I have previously shown’, is reached in the first 
half hour. If muscle so treated be exposed in the muscle chamber, the 


diffusion outward of the CO, is facilitated by the increase of surfaces. 


It is found that from a very high initial rate of CO, output, associated 
with the rapid development of maximum acidity in the injured muscle, 
the curve of discharge declines rapidly at first, and then more slowly, 
to zero. No further yield of CO, is given by the muscle after the 
completion of this diffusion escape, unless bacterial invasion is permitted. 
An example of this diffusion of CO, from — muscle is . in 
_ XI, and Fig. 5. 


1 Fletcher. This Journal, Mun. p. 286. 1911. 
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‘Ear. XI. Rat killed and bled at 10.35 a.m: mee of right fove and bind limbs ont 
into many pieces and arranged in a tubular chamber (volume 30 ¢.0.). Air current started 
at 10.50, Weight of muscle 1<6 Grane. Muscle chamber in thermostat at ae C. 


11.0 —11.12 a.m. 559 0.0. 24 ee. 
11.221134. ‘515 24 1-29 
11,45—11.67 485 24 1-09 
12.86—12.51 p.m. 345 80 
These results are given 3 in Fig. 5. 


It may be noticed that this exponential o curve of diffusive escape 0 of 
the CO, from the muscle 

in shape the curves given . . FF 
in à previous paper for 


a dead muscle artificially “fF 
charged with CO,. 2 

If in Fig. 5 we prolong ; 
the curve backwards to- i me. 


wards the higher unrecord- fF 
ed initial rate of CO, : 


discharge, and forwards | „ 
towards zero, we can, by 
taking the whole enclosed 2 
area (rate multiplied by 
time), calculate approxi- 
of CO, leaving the muscle | | 8 
after excision, This will 
be found to be not more 2 n ree 
than 10-12 at the most. | 7 4 
The average maximum | 
yield of lactic acid by 


injured muscle has been r 1 7 4 5 ae 
found to be 395 % (see Fig. 5. (Exp. XI.) The CO, output from 
p. 368). If we may apply Sa muscle (Rat) at body-temperatare 
this estimation for rabbit 

muscle to the case of rat muscle, then 14˙8 gms. of the 2 5 the 


1 This Journal, XXIII. p. 30. 1898. 
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amount used in Exp. XI, Fig. 5, would contain soon after excision 
and injury at body-temperature 058 gin. of lactic acid. This acid is 
sufficient in amount to liberate from, say bicarbonate of soda, 14°55 c.c. 
CO,. The acidity of the muscle, that is to say, is fully sufficient to 
account for the displacement and escape by diffusion of more CO, than 
that actually found to be liberated. 

It is more proper however to compare the yields of lactic acid and 
CO, respectively by the same muscle of the same animal, and this can 
be done by comparing the results given in Figs. 1 and 4 for the rabbit 
gastrocnemius. By continuing the curve in Fig. 4 towards zero, and 
taking the area (rate by time) included to represent as before the total 
CO, delivered from the muscle, we find, at the most, 15 Cc. CO, as the 
total output for the two gastrocnemius muscles, weighing 32 gms. 


together. If we take an outside figure and assume that 10c.c. come © 


from one gastrocnemius of 16 gms., this is a volume of CO, which would 
be displaced from bicarbonate by 04 gm. of lactic acid. But at the 
maximum acidity of the uninjured gastrocnemius reached after excision 
estimation gives ‘35 gm. lactic acid. per cent., or, for 16 gms. of muscle, 
056 gm. lactic acid, an amount more than enough to account for the 
whole of the CO, found to be liberated. 


In these calculations it must be remembered that a large oa of the | 


initial output of CO, after excision must be due to the escape of CO, 


formed in the tissue before and shortly after excision, at the high rate 


of normal metabolism with full normal oxygenation. This leaves only 
part of the total survival output to be accounted for as due to the 
liberation by accumulating acid of pre-formed CO, fixed temporarily 
in the form of bicarbonate, or otherwise. It is clear that we have no 
evidence of any new formation of CO, by the muscle during the onset 
of rigor mortis. The whole survival output can be accounted for as 
00, previously formed, combined in one or more chemical or physical 


ways within the muscle substance, and expelled from — by 


the lactic acid accumulating after excision. 

The discovery of a linear rate of lactic acid production i in uninjured 
amphibian muscle deprived of oxygen suggested a direct connexion 
between this acid production and the maintained yield of CO, from the 
same muscle at constant rate for long periods which had previously been 
shown’. The recent close analysis by A. V. Hill' of the heat-production 
of 1 amphibian muscles in various conditions, has greatly 


See Fletcher and Hopkins, loc. eit. p. 275. 
* Bilt This Journal, xutv. p. 466. 1912. 
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strengthened the probability that in the ‘excised muscle, without 
oxygen and therefore without the possibility of a contemporary oxidative 
yield of new CO,, the CO, yield of rigot is due to the expulsion from 
combination of ‘pre-formed CO, by lactic acid. The quantitative 
relations, so far as they have been ascertained, indicate that one 
molecule of CO, is expelled by one of acid, and provisionally we may 
accept the most natural su gyestion, adopted by Hill, that the com- 
bination of CO, in. question is that with sodium as bicarbonate, though 
other forms of union, those with proteins for instance, might only 
satisfy the conditions so far as we know them at present. ef 

The results with mammalian muscle harmonise with this view of the 
ansrobic CO, discharge during survival. An excised mammalian muscle 
in air may be regarded for this purpose as being under anerobic 
conditions. I have found differences of as much as 10% in the 
_ CO, yields of gastrocnemii exposed to air and to pure oxygen respectively, 
but no appreciable difference when air and nitrogen have been compared. 
In so far however as any of the survival output of CO, as already 
described for the mammalian muscle is due to a contemporary oxidative 
yield of CO, in the surface layers, by so much less is the amount to be 
accounted for as that expelled by the lactic acid, and so much less 
reason remains for supposing any fresh production of ss to take ae 
in the muscle in anzrobic survival. 

It will be remembered in connexion with this question of con- 
temporary oxidation due to atmospheric oxygen, that Winterstein, 
in demonstrating that the inhibition and reversal of rigor mortis by 
exposure to oxygen, which I had shown for amphibian muscle“, also 
occurred in the case of mammalian muscle, found it necessary to expose 
a thin muscle (the sterno-mastoid and other neck muscles) to a pressure 
of 2-4 atmospheres of oxygen at body temperatures (35-38° C.) to obtain 
a similar result. For a relatively bulky muscle like the gastrocnemius 
air n be regarded in this connexion as a neutral gas. 


II. Tue RIGOR MORTIS OF RED AND WHITE MAMMALIAN MUSCLES. 


The time relations of the death shortening of the red and white 
muscle fibres have been described by Bierfreund“, who used the soleus 
and ee of the rabbit respectively. His W record of 


1 Winterstein. Pfliiger’s Arch, cxx. p. 225. 1907." 
2 This Journal, xxvmt. p. 474. 1902. 
Bierfreund. Pfliiger’s Arch, xxi. p. 195. 1888. 


* 
. 
— 
12 
— 
cf 
4 
3 
* 
4 
4] 
4 
é 
ig 
. 
ig 
bi 
7 
77 
8 
- 
2 2 
4 
2 
* 
4g 
* 
2 
4 
f 


* 


$76 . PLETOHER. 


these contractions is well known'. It shows the shortening of the white 
fibres to begin very soon after excision, and to reach its maximum not 
long before the tenth hour, and before the red muscle has begun to 
shorten at all. The shortening of the red muscle in Bierfreund’s 
figure does not appear to reach its maximum before the 70th hour. 
Bierfreund points out that though the individual fibre length of 
the soleus is less than that of the gastrocnemius, the death shortening 
“of the soleus is 2-2} times that of the gastrocnemius. 3 
He does not give the temperature at which his curves were taken, 
and it has not infrequently been assumed that they represent changes 
occurring at body-temperature. As a matter of fact, the numerical time 
relations which he gives for the observed stiffening of the body and 
limbs, externally observed, make it appear that his graphic record for 
the contraction of the excised muscles must have been taken at 
room-temperature, that is, at about 15°-18°C. Full rigor of the 
predominating white fibres of the hind limb, as gauged by their 
stiffness to the hand, is reached according to his estimate in two hours 
at 37°5° C., and in 1 hour 5 mins. at 41°C. 

In the uncertainty with regard to the temperature conditions of 
Bierfreund’s comparison between the white and red muscles in their 
death shortening, I have repeated his experiment and have obtained 
widely different results. 
xs. XII and XIII. (Figs. 6 and 7.) In a freshly killed rabbit the tendon of the 
triceps sure was split, so as to give a part each to the gastrocnemius and soleus indepen- 
dently: The tendinous origin of the soleus was severed, without muscle injury. The 
lower third of the fentur was removed, so as to keep the whole origin of the gastrocnemius 


intact. The two muscles were fixed horizontally in two Lucas muscle chambers, with 
suitable moistening arrangements. Care was taken to prevent either muscle from lying 


| at any time in an accumulation of the Ringer solution used for moistening. Light loads 


were placed on the levers to keep each gently extended,—for the soleus 2 gms., for the 
gastrocnemius 6 gms, For the maintenance of body-temperature the muscle chambers, 
with the slowly moving drum on which the graphic record was taken, were placed inside 
a thermostat maintained continuously at 38° C., in which the atmosphere was kept 


saturated with moisture. 

The curves of death shortening for the two muscles, taken in the 
first instance at room-temperature, are shown in Fig. 6, and this is to be 
compared with Bierfreund’s. well-known diagram. It is found that 
the two muscles begin shortening almost simultaneously. Most com- 
monly the white begins first, but when the experiment is at room- 
temperature this may be due to the greater retained war- u by the 
more bulky muscle. During the first hour both have begun shortening, 


? Cf. Burdon-Sanderson. Schifer’s Textbook, u. p. 892, Fig. 217. 
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but the red soleus shortens much more rapidly than the white 
gastrocnemius, and reaches its maximum shortening sooner: As 
Bierfreund pointed out, the maximum shortening of the soleus is 
much greater than that of the gastrocnemius. In the particular 
experiment given at Fig. 6, the shortening of the gastrocnemius is 
greater than that usually found in the same conditions. It is more 
commonly less than half that of the soleus, It is usual to find at 
room-temperature that the contraction in the case of each kind of 
muscle gives more or less well marked indication of a step in its 
course, This is especially well seen in the case of the soleus, as in 
Fig. 6, and it may be suggested that the earlier part of the post-mortem 
contraction depends upon a spasmic process akin to normal contraction, 
or contracture, during life, while the latter part may be due to changes 


of coagulative kind. This however will be analysed further. 


 -WOUuRSS 15 15 20 2 30 40 50 80 
Fig. 6. (Exp. XII.) Changes in length of the excised white (gastrocnemius) and red 
(soleus) muscle of the Rabbit after excision and at room-temperature (19°57C.).~ 

The ordinates are measured directly from the record upon the drum. ‘The levers 


At body-temperature the time relations of the post-mortem con- 
traction are different, and these are shown in Fig. 7. Here again it is 
not easy to determine which muscle begins first to shorten. In preparing 
the muscles by any method there is always a much greater liability for 
the slender soleus to become cooled more than the bulky gastrocnemius, 
and its survival processes to be proportionately slowed. In half an hour 
however it is obvious that both have begun to shorten, the gastrocnemius 
more commonly appearing to begin the shortening first. In an hour the 
soleus may be found to have shortened more than the other, though in 
the example at Fig. 7, this is not so, but very soon after it begins to 
shorten much more rapidly, to reach its maximum contraction in about 
three hours, The white muscle on the other hand does not reach its 


4 2 
1 
P Tita 
* 
* 
| 
2 
2 
— 
* 
* 
4 
q 
< * 
. 
7 7 
q 
| 
ou 
¢ 
4 
¢ 
a 
| — * 
| 
| 
| 
=! 
- ‘ 


378 M. FLETCHER. 


maximum till the fourth or fifth hour, and the amount of its shortening 
is only about one third of that of the red muscle. 

That the death contraction of the gastrocnemius is 80 8 less 
than that of the soleus is due no doubt in large part to the oblique 
arrangement of its constituent fibres, as compared with the parallel 
system of the latter. A similar difference has been shown by Grützner“ 
to exist between the respective maxima of tetanic contractions in the 
same two muscles. According to him the greatest tetanic contraction 
of the soleus with light (100gms.) load, is four times that of the 
gastrocnemius, and with heavy (200 gms.) load, nine times. These very 
large differences in contractility, whether during life or during survival, 


* * * * * * 


10 (Exp. XIII.) ͤ K 
Celan) mauscles of the Rabbit after excision and at body-temperature (88° C.) main- 
tained throughout. 
Magnification and loads the same as for Fig. 6. 


cannot be wholly due to the differences in anatomical arrangement of 
the fibres in the two muscles respectively, and must be referred in large 
part to intrinsic physiological differences. In this connexion it is 
a striking fact that at the third hour from excision, when the soleus at 
body-temperature has already shown its enormous maximum death 
shortening, it is found on estimation to contain a percentage of lactic 
acid less than half that found for the gastrocnemius, which at this period 
is only approaching its low maximum shortening. The exact time 
relations of the death shortenings of the two muscles are not here 


connected in detail with those of the acid production. It may be noted 


1 Grützner. Breslauer Artal. 1896. 
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however that the maximum contraction of the soleus is reached long 
before the maximum acid yield in that muscle, while the gastroenemius 


has not reached its maximum contraction at the time when it contains 


about twice the percentage acidity of the soleus, at the same period 
after excision, and at least 95 % of its own maximum acidity. It may 
prove to be of great interest to determine the exact relations of the 
lactic acid formation in different muscles to the seein ai eee 


which follow or it. 


Summary. 
1. Estimations by the zinc gravimetric method have been 3 of 


the lactic acid production at body-temperature i in uninjured mammalian 


(rabbit) muscle at different periods from excision onwards, At excision 
the muscle contains little lactic acid, and not more than is easily to be 
accounted for by contractions just before or after death, and by the 
necessary manipulative treatment of the muscle for estimation. 

The formation of lactic acid in the mixed muscles of the limb, taken 
together, proceeds rapidly after excision, approximately equal amounts 
being formed in equal times, until a maximum acid yield is reached soon 
after the third hour from excision. 

‘Separate estimations have been made of the white muscle 
(gastrocnemius) as distinct from the red muscle (soleus). The events 
in white muscle are the same as those found for the mixed muscle, in 


which the white fibres predominate. The red muscle shows a much 


slower rate of survival acid production than the white muscle, as the 


results of Gleiss previously indicated. 


2. The course of the survival output of CO, by the uninjured 
mammalian muscle has been followed by successive estimations, and is 
described for mixed, white and red muscles respectively. 

In the case of white muscle, or of mixed muscle in which the white 
fibres predominate, and at body-temperature, the rate of CO, output 
increases for a short time after excision, and then declines by exponential 
decrements towards zero, which it reaches at length if uninterrupted by 


the onset of a new bacterial yield of CO,. In the case of white or 
mixed muscle at lower (room) temperature, or of red muscle at body- 


temperature or below it, the yield of CO, falls in rate from excision 
onwards, as it does in the case of amphibian muscle. 
The survival yield of CO, is most readily accounted for by relating 


it directly to the formation of lactic acid within the muscle, and by 
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assuming it to be preformed CO, displaced from loose combination by — 


the acid and éseaping by diffusion from the muscle. If the rate of acid 


port is rapid enough, as in white muscle at body-temperature, the 


of CO, yield rises for a variable period after excision. In other cases 
it falls from excision onwards. 
The yield of acid by the muscle in the cases examined is large sia 


to account for the total yield of CO, after excision, if we assume that 


one molecule of acid displaces one of CO, from combination within the 
muscle substance. No reason has been found for supposing that any 
independent new formation of CO, occurs within the muscle after 
excision, 

3. The post mortem shortening of white and red muscles (gastro- 
énemius and soleus of rabbit) respectively have been recorded. The 
previous account of this shortening given by Bierfreund is not 
confirmed and the time relations of the shortening of the two Kinds of 
muscle are found to * those he 
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THE SUGAR CONSUMPTION IN THE SURVIVING 

- NORMAL AND DIABETIC HEART. By E W. 

_ ORUICKSHANK anv 8. W. PATTERSON (Beit Memorial 
Fellow). 


Crom the Institute of Physiology, University College: London’) 


Son Muller cm found a diminution of sugar from the solution perfusing 
an isolated cat’s heart, and Locke and Rosenheim @ showed that this 


sugar could not be recovered by hydrolysing the muscle glycogen of the 
heart subsequently, numerous observations on the sugar consumption of 


the artificially perfused isolated heart of various animals have been made. 
Camis) found a difference between rabbits’ and cats’ hearts perfused 
by Langendorff’s@ method, and suggested that herbivorous animals 
use glucose directly from the perfusing fluid; while carnivorous animals 
obtain the source of their muscle work in the muscle glycogen. 
Neukirch and Rona , and also Rohde , found that in the first 
period of perfusion less glucose was used than in the second period; 

but the difficulty of excluding bacterial contamination over a long 
period has recently been shown . From a comparison of the oxygen 


used and the carbon dioxide produced with the diminution of sugar 


from the solution, Rohde concluded that a “reserve substance” was 
burnt up in the heart as well as sugar, and from the respiratory 
quotient believed that this substance was not glycogen but a mixture of 
protein and fat. 

In a previous paper@ it was shown that glucose could * 
from the blood circulating in a heart lung preparation made both from 
a normal animal and from one rendered diabetic by complete extirpation 
of the pancreas; and also that the glycogen of the heart muscle could 
be used up when the heart was worked with adrenalin. One of us 
(E. W. H. C.) has shown that the heart of the diabetic animal contains 
a greater amount of glycogen than the normal; and it was suggested 
that the results of Hamburger ao and of MacLean and Smedley dun, 
who found that the isolated heart taken from a depancreatised animal 
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and perfused with Locke’s solution caused no disappearance of sugar 
from the solution, might possibly be explained by the heart first using 
carbohydrate from its glycogen store, and that therefore there was only 
a seeming inability to use carbohydrate in the depancreatised animal. 
Although we have no means of estimating the initial glycogen content 
of the heart, it was felt that it was desirable to carry out a series 
of observations, with this factor kept in mind. Wilenko un in a 
preliminary communication reports that, when perfused by Locke's 
method, a normal rabbit's heart uses 2˙2 to 48 mgm. of sugar per gram 
per hour, and 43 mgm. when adrenalin is added to the perfusion fluid, 
while hearts from animals previously poisoned with adrenalin use only 


05 to 1'2mgm.; but we have not yet had an opportunity of seeing the 


protocols of the experiments on which these conclusions are based. 

In the series of experiments reported in this paper we have confined 
our observations mainly to cats, as Cruickshank has found that the 
cat's heart has apparently less capacity for storing glycogen. The 


following table represents the results of analysis of the hearts of normal 
and diabetic cats, taken immediately after death. The depancreatised 


cats were completely diabetic, and we have found from previous work 
that cats rarely live for more than two or three 1 75 after the — 
— of the pancreas, — 


I. 


Normal Depancreatised 
80 0 200 
20 % ander conditions 45 
17 % | 27 6% 
10 
20 N70 


Method, The was anwsthetised with chloroform and 

in the case of dogs after a preliminary dose of morphine. A cannula 
was placed in the external jugular vein, and the animal bled from one 
carotid artery. Then warm Ringer solution’, to which glucose had been 
added immediately before the experiment and which was of the same 
composition as the perfusion fluid used in the experiment, was run into 
the vein. Meanwhile the chest was opened and a short cannula tied 
into the aorta well above the aortic valves. When the fluid from the 
_ aorta was almost clear of blood, the heart was rapidly excised and 
attached to the perfusion apparatus, After a few minutes, the circulation 
was closed and a sample of fluid taken and the glucose content estimated. 


9 g.; KCl -42 g.; CaCl, ‘24 f.; NaHCO, -2 g.; distilled water+1000c.c. 
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The apparatus consisted of an ice-jacketed glass cylinder (60 cm. 
long) A into which the return fluid from the heart was brought. Here 
it was oxygenated from a reservoir containing oxygen under pressure 
by means of a stream of oxygen bubbles from the surface of a Pasteur- 
Chamberland filter candle B. By means of a valved enema syringe C 
operated by an excentric cam driven by a small electric motor as used 
by Martin and Embleyas, the fluid was pumped through a spiral 


Fig. 1. 


surrounded by hot water and through a glass wool filter and bubble 
catcher! to a T-piece containing a thermometer. The aortic cannula D 
was also attached to the T-piece and the heart was suspended in a 
warm-jacketed copper box E. The pressure exerted by the pump was 
measured by a mercurial manometer from the top of the bubble 
catcher and was kept at 90-120 mm. Hg. The rate of the pump was 

1 
from the diagram. 
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100-120 per minute. The temperature of the fluid in the aorta was 
35° or 37 C. Usually the total amount of the fluid circulating was 
250-350 cc. A trace of alkali was added to the perfusing fluid after a 
time if necessary, neutral red being used as the indicator. 

Samples of the fluid were taken from the reservoir at intervals, and 
after the removal of proteins by colloidal iron and sodium sulphate, the 
glucose content was determined by Bertrand’s method. From repeated 
experiments and controls the error was found to be less than 25 mgm. 
per 100cc. of fluid. Less er d finds that in frog’s and tortoise blood 
there are substances which are not precipitated by colloidal iron, and 
passing into the filtrate can hold a certain amount of cuprous oxide in 
solution ; and that these substances are precipitated by mercuric nitrate. 
Both in mammalian blood and in Ringer solution we find that the 
differences obtained by the two methods are within the limits of 
experimental meee, as is shown in the following example. 


Colloidal iron 
Colloidal Mercuric followed by 
iron method nitrate method mercuric nitrate 
Diabetic blood 310 802 319 


At the end of the experiment the glycogen content of the heart was 
determined by the method described in a previous paper (Cruickshank, 


loc. cit.). In order to test the method, fresh livers were taken, chopped 


up and divided into two portions. To one portion a known amount of 
prepared glycogen, whose reducing power on hydrolysis was estimated, 

was added, and the.total glycogen determined in both ‘portions. — 
control — are * in Table II. 


TABLE II. 

2 
Fresh liver 02 gm. 02 gm. 
Liver glycogen 1-00 
Difference 98 38 
Calculated “99 38 


The whole apparatus was scalded after each experiment and was taken 


to pieces and boiled between every four or five experiments. In order 
to control any possible source of error through glycolysis in the fluid by 
bacteria, a sample of the perfusion fluid was kept in a water bath at 
37 C. for an hour after the completion of each experiment, and the 
sugar estimated. In one case only was there any alteration of the 
glucose content and this was excluded from our tables of results, In 
a verbal communication Prof. O. Loewi suggested that this was not 
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a sufficient control, and stated that if the perfusing fluid was kept 
circulating and oxygenated, considerable disappearance of sugar took 
place. That this is not an important source of error, where strict 
aseptic precautions are nee: is shown in the —! consecutive 


results, 
Taste IIL in perfused fluid. — 


Glucose found at „„ 
end of — 


1. Cat 288 % 200 0% 9 
2. Cat "247 $259. 
3. Cat 273 276 26 
4. Cat — 248 
5. Dog (diabetic) 129 -180 
6. Dog (diabetic) 265 5 2³³ 


Merworer on of the pertued no in the reducing 
could be obtained. 


The results of the on, Seon eae: are summarised in the following 
tables (pp. 386, 387). 

It will be seen from the tables ‘alow that while there are wide 
variations in the amount of glucose disappearing from the fluid perfusing 
normal hearts, in the diabetic hearts there are indications that the 
glycogen content is inversely proportional to the disappearance of sugar. 
In one of the diabetic hearts from the dog a result similar to that of 
MacLean and Smedley was obtained, viz., no disappearance of sugar 

from the circulating fluid. But in this case, even at the end of the 
experiment, the heart still contained 04% glycogen. In Exp. 6 
(Table V) no sugar consumption took place in the first hour, but in the 
second hour the consumption was appreciable. This may possibly be 
ascribed to a diminution of the glycogen store, thas e the heart 
on to the sugar of the circulating fluid. f 

These experiments would thus seem to indicate 00 that the non- 
utilisation of sugar in the perfused diabetic heart is not a constant 
phenomenon and, when present, is connected with the greater store 
of glycogen in the hearts of such animals as compared with the 
normal: condition. On the other hand, although there are wide 
variations in the amount of sugar used by the normal heart, the 
average disappearance in our experiments during the first period 
amounted to 1:87 mgm. per gm. heart muscle per hour, while in the 
diabetic hearts the average was 9 mgm. during the same period, so that 
there may be a diminution in the power of the diabetic heart to utilise 
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‘31 211 30 


250 13 
244 12 
287 
202 16 
268 

11 272 141 


Heart block a 


Ef aan 2 2 owe 


—2 
„ ß Pregnant 


14 hours before heart isolated 
10. Cat; adr. into jugular yein for 23°55 1 
4 II hours before heart isolated 
and 


11. Cat; heart isolated 
of adrenalin added to 


ing fluid 


12. Cat; perfused with Ringer with. 13°56 1 


out 
18. Cat; fedon meat 


sol, in 
also 
” 
8. Cat; fedon butter... 3 
9. Cat; adr. into jugular vein for 


Ca 
Cat 
Cat; „ 
5. Cat; „ 
Cat 
7. Cat 
14. Cat; ,, 
15. Cat; „ 


No. 
1. 
3. 
4. 
5. 
6. 
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sugar, even though this power is not entirely abolished. (2) That the 
heart (at any rate under the conditions of these experiments) uses 
up its local store of glycogen in preference to drawing on the sugar 
circulating in the blood. Perhaps this might be expected. It would 
seem easier for the cell to attack the sugar set free by the hydrolysis of 


the glycogen in its interior, than to take up sugar from the lymph — 


spaces surrounding it. Under normal circumstances however there 
must be a condition of equilibrium between the building up of glycogen 
and its utilisation as a source of energy, and the equilibrium point must 
be determined by the percentage amount of sugar free in the circulating 
blood. | | 


We wish to record our thanks to Prof. Starling for carrying out the 
removals of the pancreas, and for his advice during the progress of these 
experiments. 
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‘STUDIES ON PELLAGRA. I. THE INFLUENCE OF 


THE MILLING OF MAIZE ON THE CHEMICAL 
COMPOSITION AND THE NUTRITIVE VALUE OF 
MAIZE-MEAL. By CASIMIR FUNK. 


(From the Department of Chemical Physiology, Cancer Hospital 
Research Institute, Brompton, London, S. P.) 


Tux etiology of pellagra, a disease occurring in maize-eating countries 
par excellence, has been amply discussed in my previous reviews of the 
subject). The numerous hypotheses put forward for the explanation 
of its origin have failed to result in a practical research line. This 
failure together with a close resemblance of pellagra to other deficiency 
diseases (beriberi and scurvy) led me to formulate a new hypothesis 
which regards pellagra as due to a lack of vitamines in the food. 
The food in pellagra districts is as a rule maize which constitutes 
a chief form of dietary. The kind of maize cultivated varies in different 
countries together with the mode of its preparation. Hand in hand 
with these variations we have chronic cases with low mortality and 
acute cases with high mortality. In Italy and Egypt where maize is 
handmilled we find chronic cases with only about 4°/, mortality, in the 
United States where maize undergoes a process of milling by highly 
perfected machinery we find a high percentage of acute cases with 
20% to 25°/, mortality. The object of the present inquiry is to ascer- 
tain whether the extensive milling of maize deprives the grain of 
vitamines. This research was greatly facilitated by the kindness of 
Dr Donald Macaulay, M.P. of Cape Town, who drew my attention to the 
fact that the maize in S. Africa was milled up to the present moment 
very extensively. As the result of the progress of the beriberi problem 


this extensive milling was abandoned and the grain loses 3°/, only 
through the milling. I am indebted to the High Commissioner, Union 


of S. Africa, to whom I also desire to express my thanks, for supplying 
me with samples of highly and moderately milled maize together with 
the corresponding bran. The analyses as shown below corroborate the 
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390 0, FUNK. 
statement of Woods that the germ of the grain is richer in fat and 
proteins than the remaining part of the grain and this renders it 
extremely probable that the localisation of vitamines is closely similar 
to that found in rice. 

The samples analysed were: (1) whole maize grain; (2) highly 
milled meal representing 86°/, of the grain. The corresponding bran 
was sent me in two fractions: (3) first milling, which consists of the 
skin with a part of the superficial aleurone layer, and (4) second milling, 
which represents the main part of the aleurone layers and the germ. 
In addition to that I had (5) the slightly milled meal which is deprived 


of the skin with a little adjacent layer and which represents 97% of the 


grain and (6) the corresponding bran. a ee 
The schematic drawing of the grain illustrates very well the parts 
taken for analysis. 
The samples were analysed 
for moisture, ash, nitrogen by 
Kjeldahl's method, nitrogen (by 
Dumas’ method), amino-nitrogen 
(by van Slyke’s method) with the 
corresponding melanin-N, and 
further for the phosphorus, total 
fat, fatty acids, cholesterol, lipoid 
phosphorus. 
Besides these estimations th 
different samples were tested for 
the colour developing with the 
phosphotungstic-phosphomolybdic 
reagent, as described in the paper 
by Funk and Macallumw, For 
. Endosperm. A. Aleurone layers. 


this purpose the samples were d. Germ. 
extracted in the cold with alcohol , 


and also in the heat, the developed colour being compared in a colorimeter 


with a standard solution of uric acid. These estimations were kindly 
performed by Dr Macallum, to whom I wish to express my thanks. 
The results obtained show beyond doubt that the distribution of 


vitamines in the grain of maize resembles closely that of rice. It will 


be seen from the table that highly milled maize is deprived of some 
important constituents, such as phosphorus, both the total and the 
lipoid-P and also fat. This meal is also deprived to a great extent of 
the substance giving the colour reaction. On the other hand we see that 
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the millings which are thrown away or given as food for cattle are 
extremely rich in all constituents. From the analytical data we can say 
that there are four distinct layers in the maize grain. First the external 
layer, the skin, very poor in all constituents, underneath which is a layer 

which gives the above mentioned colour reaction, then a third layer 
(included in which is the germ) extremely rich in proteins, fat, lipoids 
and salts; finally the fourth layer, the starch endosperm. 

As the substances isolated from the vitamine-fraction from yeast 
and rice-polishings were found to yield only a small part or none of the 
nitrogen by Kjeldahl’s method, comparative estimations were made 
by the methods of Dumas and Kjeldahl. I have found recently that 
nicotinic acid which is known to be contained also in the vitamine- 
fraction yields only a very small part of the total nitrogen, when 
estimated by Kjeldahl’s method: 

0°2747 grm. required 3'4c.c. N/10 H,SO,.1°73°/, 
Nicotinic acid (C,H,NO,) requires 11:38 °/, N. 

It was thought therefore that products very rich in vitamines ought 
to give a difference in nitrogen, analysed by both methods. The fraction 
of the maize grain which contains the skin with adjacent layer gives in 
reality a considerable difference in the content of nitrogen, the Dumas’ 
method giving much higher results than the Kjeldahl’s method. This 
difference however is due very likely to the presence of methane, 
a decomposition product of methoxylated cellulose derivatives. For 
comparison. yeast (dried), another product extremely rich in vitamines, 
was analysed and the following results obtained : 


By Kjeldahl's method: 6°92°/,; 6:96°/,; 6˙98 %,. 
By Dumas’ „ + 673°/,; 685%. 

These figures show that in spite of the fact that yeast is so rich in 
vitamines, the amount of vitamine-N to the total N must be a negligible 
quantity. Whether concentrated vitamine extracts will give a per- 
ceptible difference or not future investigations will determine. 

As regards the colour reaction, which is without any doubt due besides 
to the presence of vitamines to an admixture with other substances, its 
value at present is limited ; we notice however that the meal extracted 
in heat with alcohol yields comparatively less colour than the meal 
extracted in cold. This suggests that heating diminishes the content 
of colour-giving substances to some extent. i 
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aa pee maize 12°71 1°56 1°78 1°74 014 099 056 45 3888 0-247 00154 0°36 


2. Highly milled 12°63 148 167 1:78 0-18 0-95 0-86 8557 336 0-22 000908 0-23 
| 
milling 10-48 2°09 1:23 — 014 061 080 466 418 0-357 00164 1-00 


ling 10°71 4-04 2-81 2°84 0-16 1:40 1:48 12°79 11-09 0°488 0°0358 0-70 


12-41 1°60_ 1:73 1°84 0-12 1˙00 0-64 421 8°63 0°233 0°30 
’ 0 


6. BranfromNo.5 1055 1°40 065 — 0-07 0°30. 0-23 1°86 1°58 0271 0:0084 035 


SuMMARY. 


The chemical investigation of the different fractions of the maize 
grain obtained during the milling renders it extremely. probable that the 
localisation of vitamines is closely analogous to that of rice. There are 
four distinct layers which give on analysis different results and it would 
seem probable that the vitamines are distributed in the external layers 
of the grain. This explains why according to the mode of preparation 
of maize-meal in different countries the manifestations of pellagra vary 
from mild to severe forms. 

We are not able to say at the present moment which of the three 
external layers is more likely to contain the bulk of the vitamines. 
Besides vitamines the grain is deprived during the process of milling of 
a great quantity of salts, proteins, fat and lipoids. 7 

The result of this investigation is, that for the present moment, 
it would be advisable to abandon the present mode of milling since 
only the whole grain including the skin can be regarded as a complete 
food. The animal experiments which I intend to . * ar to 
what extent this conclusion is justified. 
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THE INFLUENCE OF CARBON DIOXIDE ON THE 
HEART IN VARYING DEGREES OF ANS 
THESIA. By E. P. CATHCART ann d. H. CLARK. 


(From the Physiological Laboratory, Glasgow University.) 


In the course of a research carried out by one of us (E. P. C. h) on the 
influence of work upon the gaseous metabolism the subject suddenly 
collapsed, during two experiments, whilst doing hard work and whilst — 
in the circuit of the respiration apparatus. In each case it was 


noted that the collapse was preceded by a sudden and rapid rise in the 


pulse-rate. It was thought that possibly this alteration in the cardiac 
condition was produced as the result of carbon dioxide poisoning, 
i. owing to the defective absorption by the soda lime there was an 
accumulation of carbon dioxide in the circuit. In order to investigate 
further the question of this possible influence of carbon dioxide on the 
heart the présent experiments were started. It was soon found however 
that the conditions of the work experiment were very difficult to repeat 
and that it was practically impossible to investigate the influence of 
the carbon dioxide on the heart of the normal unanmsthetised animal. 
Experiments were therefore begun with the animals under the influence 
of ether. For a long time we were quite unable to obtain consistent 
results, and at first we ascribed the variations which we obtained to 
individual idiosyncrasies on the part of the animals (rabbits) used, as 
Mares@ had previously found that the rabbit is one of the most 
insensitive of animals to the action of carbon dioxide. He maintains 
that some rabbits can inhale a gaseous mixture consisting of 80°/, CO, 
and 20% O, without trouble of any kind for some twenty minutes. We 
discovered in the end however that the differences were due to a readily 
controllable cause, namely the depth of the anzsthesia, during the course 
of the administration of the carbon dioxide. The present communication 
deals with the influence of the depth of anesthesia on the effect of 


carbon dioxide on the heart and blood-pressure. 
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Previous work. So far as we are aware there is no previous 


experimental work on the effect of carbon dioxide on the heart of 
intact animals in varying degrees of ether anesthesia. The only paper 
which deals with this particular point is a very interesting report by 
Prof. Sherrington and Miss Sowton h on the effect of chloroform 
in conjunction with carbon dioxide on cardiac and other muscle. 
These workers found that, in the case of the perfused heart, the cardiac 
muscle was distinctly more sensitive to chloroform when this anesthetic 
was given in unoxygenated saline containing carbon dioxide instead of 
in oxygenated saline. A further paper by Goodman Levy on the 
variation in cardiac “irritability” during varying degrees of antesthesia, 
is of considerable interest in this connection. He found that under the 
influence of chloroform the mammalian heart is in an irritable condition 
and that this irritability is raised under conditions of light anzsthesia. 

As regards the effect of carbon dioxide alone upon the heart there 
has been a considerable amount of work done. Ohrwall o found that 
carbon dioxide in large amount exercised a paralysing effect on the 
cardiac musculature (isolated frog heart) but that this paralysis could 
be caused to disappear by the subsequent free use of oxygen. Mares d 
also showed that the effect of the administration of carbon dioxide was 
quite characteristic. The systole became progressively weaker so that 
in the end the heart passed into a condition of fibrillation. He believed 
as did also Benedicenti and Treves that this effect was due to the 
direct action of the carbon dioxide on the cardiac muscle. Gross 
found that carbon dioxide saturated Ringer solution perfused through 
the isolated mammalian heart brought about a slowing and weakening 
of the cardiac activity which might even lead to complete cessation of 
the heart’s action. The same effect has also been observed in the 
hearts of such simple forms as Aplysia limacina by Straub@ and . 
Helia pomatia by Lovatt Evans . 

Recently Starling has taken up the consideration of this subject. 
He had previously, working in conjunction with Kaya do, found that 
when he used an intact animal, an increased carbon dioxide tension in 
the blood caused a rise in blood - pressure and that on the cessation of 
the carbon dioxide inhalation, the blood-pressure fell slowly to its 
original level. If however a spinal animal was used the administration 
of carbon dioxide in the presence of adequate amounts of oxygen did 
not produce any result on the blood-pressure although in some instances 
they noted a slight increase in the amplitude of the heart beat. This 


work was continued by Starling in conjunction with Jerusalem du. 
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In their experiments an isolated heart lung preparation was used. In 
the case of the cat’s heart they found that if the heart were fed with a 
current of blood under constant normal arterial pressure—the artificial 
ventilation with varying amounts of carbon dioxide being done by the 
lungs—12-20 % of an atmosphere of carbon dioxide produced cardiac 
dilatation, the systolic volume being more affected than the diastolic 
volume with as a result a diminution in the ventricular output, whereas 
with 2-8 % of an atmosphere of carbon dioxide the ventricular output 
increased, They further found that carbon dioxide caused slowing of 
the isolated heart, a condition which became increasingly marked with 
increase in the carbon dioxide tension. The increased ventricular output 


they held must be a contributory factor in the general rise of blood- 


pressure which resulted from the inhalation of carbon dioxide as 
observed in the previous experiments carried out by Kaya. 
Mathison ds continued the observations on the effect of carbon 
dioxide on the spinal animal. He found that, when he employed larger 
percentages of carbon dioxide than were used by Kaya and Starling, 
the effect on the blood-pressure was very variable, sometimes it was but 
little changed and at other times there was a marked rise in the blood- 
pressure. As regards the heart volume he found, in opposition to 
Jerusalem and Starling, that with percentages of carbon dioxide up 
to 40 and 50% the systolic output of the heart increased. This 
difference he believed was due to the limitation of the circulation in 


the isolated heart lung preparation. On the removal of the carbon 


dioxide the heart rapidly returned to normal. Vaso-constriction 
probably plays a part in the changes of blood-pressure. 

Itami ua, working under the direction of Starling, attempted to 
elucidate the factors which brought about the rise in blood-pressure 
following an increased tension of carbon dioxide in the blood. “In 
every case the animal was fully ‘ansesthetised throughout the experi- 
ment with A. C. k. mixture, chloral hydrate or urethane, curare being in 
nearly all cases given in addition.” The animals employed were usually 
small dogs although cats and rabbits were occasionally used. He found 
that with 5°/, carbon dioxide the cardiac output increased and the 
blood-pressure rose slightly. With 8-10 % the cardiac output increased 
and a considerable rise in blood-pressure took place. With 12°/, the 
heart dilated so that an actual decrease in output occurred, at the same 
time however the blood-pressure rose considerably. The cardiac output 
increased again if the administration of the carbon dioxide was persisted 


in. As the result of giving moderate percentages of carbon dioxide 
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there was usually slowing of the pulse, He thought that small 
percentages of carbon dioxide caused a rise in blood-pressure by direct 
action on the heart, whilst the percentages above 8°/, active constric- 
tion of the blood-vessels occurred from stimulation of * vase motor 
centres. 

Von Anrep's experiments, also carried out the 
of Starling, would tend to show that the alterations in blood-pressure, 


which were observed after the increase in the carbon dioxide intake, 


were due to an increased secretion of adrenalin acting on the 


heart as the rise did not take place after the extirpation of the supra- 


renal glands. In support of this contention of Starling is the recent 
work of Czubalskias who found that the rise in blood-pressure in 
asphyxia was due to an increased flow of adrenalin into the blood. 
Method, The method employed of obtaining the cardiac tracings 
was that already described by one of us (G. H. C. h The rabbit was 
ansesthetised, a cannula inserted into the trachea and artificial respira- 
tion commenced, The heart was next exposed and the levers attached 
by means of small clips to the right auricular and ventricular walls. 
During the actual period of the experiments the artificial respiration 


was carried out by pumping with a hand bellows. The inlet of the 


hand bellows could be rapidly connected with a gas reservoir containing 
known dilutions of carbon dioxide and air (carbon dioxide and oxygen 
mixtures were sometimes employed with identical results), The carbon 


dioxide was obtained from a cylinder of compressed gas, and measured 


amounts of the mixture given. During the periods of hand pumping 
no further anzesthetic was given. In each case the hand pumping was 
started with ordinary air in order to get a comparative record and when 
the trace was steady the carbon dioxide mixture was administered. In 
every instance the preliminary hand pumping with air was carried out by 
the same observer who gave the carbon dioxide mixture so that the results 
might be uniform as regards rate and force. It was found with a little 
practice to be very easy to keep up the hand pumping steadily at the 


same rate and pressure for the few minutes the experiment lasted. 


The earliest tracings were made with two ordinary levers but the later 
ones were made by means of a very useful straight writing double 
recorder devised for us by the laboratory mechanic, J; McCall In 
several of the later experiments the blood-pressure was recorded 


5 A demonstration of the method and of the influence of the carbon dioxide in varying x 
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3 with the cardiac contractions, During the intervals 
between experiments artificial respiration was carried out by means of a 
Brodie pump, the air passing to the animal through an anesthetic bottle 
so arranged that the amount of ether given could be regulated at will. 


A. Heart experiments. 


I. Influence of the anesthetic alone. The influence of the anwethetic 
alone is a point which had to be considered and we carried out a number 
of observations on it. Our experiments have shown in common with 
the majority of others, carried out for this purpose, that, provided the 
administration of the ether is not pushed unduly, the anesthetic has 
practically no effect on the rate and the amplitude of the cardiac beat. 
If the ether be given freely some inhibition of the amplitude takes 
place and if it be given in excess the heart goes into a state of 
fibrillation, or a condition closely resembling it, from which it recovers 
more or less readily if artificial respiration be carried out with air free 
from the anesthetic. Vernon un, who carried out a number of experi- 
ments on the isolated heart with the addition of ether to the perfusing 
fluid, found that the depressant action of the ether was proportional to 
the concentration. 

IL Influence of the inhalation of the carbon diowide miætures. The 
effect of the administration of varying mixtures of carbon dioxide and 
air to an animal under the influence of ether varied according to the 
depth of the anzsthesia as is clearly demonstrated by the following 
protocols, tracings and Tables I and II which give a summary of a 
series of the experiments, In addition to the experiments summarised 
in these tables we have a very large number of experiments in which 
the results fall midway between deep and light anesthesia as it is 


difficult to hit off always with certainty the proper depth of anesthesia. __ 
Protocol I (a). ‘The rabbit was lightly aussthetised and a mixture 


containing 16 % carbon dioxide in air was given. The amplitude of the 
excursion of both ventricular and auricular levers diminished markedly 
within ten seconds of the commencement of the experiment and the 
rate became slowed (see Fig. 1). After 30 seconds a slight struggle 
took place and the condition of the heart was so unsatisfactory that the 


experiment was stopped after three litres of the carbon dioxide air 


mixture had been given. The beart had been gradually failing and the 
marked dilatation of the auricles and the ventricles gave the trace a 
diastolic character. The measurements of the rate and amplitude are 
as follows: 
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Rate. of experiment | 
Veutricle | in seconds 50 
Anricle „„ 10 5-0 

Amplitude. 
Ventricle average of 3 contrac- 209 ˙0 mm. 26 7 mm. 113 mm. 
Auricle tions 8˙3 73 | 57 
Height of lowest point of ventri- 800mm. 38-0 mm. 46-0 mm. 
gular trace above the base line 


Fig. 1. Light anesthesia. 3 litres of 16 % CO,-air mixture. 
[In this and all other traces the upper curves are auricular and the lower ventricular.] 


Fig. 2. Deep anesthesia. 5 litres of 16 % 0O,-air mixture. Intervals- 20 secs. 
| Total time=72 secs. 
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(6) At the conclusion of Exp. (a) the ether was given until the 
animal was deeply under, no corneal reflex, the pupil widely dilated and 


inactive. Again 16°/, carbon dioxide air mixture was given as before. 


A very slight diminution in rate took place but no change in the 
amplitude. -Five litres of the mixture were given without markedly 
influencing the heart (see Fig. 2). The measurements of the rate and 
the amplitude are as follows: 


Auricle 9-0 8:5 80 

Average of 8 contrac. mm. mm. 21-0 mm. 

tions 4°7 4°3 

Height of lowest point of ventri- mm. mm. 


Protocol II (a). A rabbit ¥ was lightly ansesthetised and five litres of 
a mixture of 12% carbon dioxide in air were given, The amplitude 
of the auricular and ventricular contractions diminished slowly during 
the first 30 seconds after the administration began and then more 
rapidly, reaching a minimum 70 seconds from the commencement of 
the administration. The rate was slowed slightly at first but markedly 
during the second half of the administration (see Fig. 3). There was 


marked dilatation of the heart. Measurements were as follows: 


Commencement Middle of End of 


Rate. | of experiment experiment 
| average of g; contra · 0mm. 51˙0 mm. 870mm. 
| Height of lowest point of ventri- 240mm 470mm. 640mm. 


00 At the close of the above 3 ether administration was 
pushed until the animal was. deeply under. No corneal reffex, and 
pupils ‘dilated and inactive. Five litres of 12 % carbon dioxide air 
mixture were given. A slight diminution in amplitude of the heart's 
contraction took place at first to be followed by a very small increase 
but no change in the rate (see Fig. 4). The measurements were: 
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Auriele | 80 8°0 

ee yp average of 3 contrac- 52°0 mm. 44-0 mm. 45-0 mm. 
Auriole tions 4˙0 50 
Height of lowest point of ventri- 55°0 mm. 620 mm. 63°0 mm. 

cular trace above the base line ia 


Fig. 4. Deep anesthesia. 5 litres of 12°/, CO,-air mixture. 


Fig. 3. Light anesthesia. 5 litres of 12 % OO,-air mixture. 


The results which we have obtained may be briefly summarised as 
follows, When the animal is lightly under the influence of ether (in 
all cases the animals were quite unconscious) the effect of the administra- 
tion of carbon dioxide, by way of the respiratory tract, produces, with 
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TaBLe I. Light anesthesia series. 

. Auricular& Ventricular Rate —Auricular and Ventricular Amplitude, in mm. 

8 Decrease ‘Increase A A ~ Total 
series half half half half V A - A A 
1 36 — 60 101000 — — 08 
2 20 065 — — 8 62 46 — 128 
VVV 
4 83% 27% — — 190 64 — 100 — — 06 — 16˙4 
6 30 30 o — 1% — =%8 
145 175 00 00 845 20-1 576 23:1 00 06 30 1:5 -1888 

1.4 176 0 00 845 201 5°76 2°31 0˙0 006 03 015 

"Taste II. Deep anasthesia series. 
— Auricular and Ventricular Amplitude, in mm. 


Decrease Increase 

— Isthalf ud half lat half halt ventricular 

Degree of No. in ist ud ist 24 ñ.! — — 
half half half haf V A V A V A V_ oOrdecrease 

Deep „ 1 00 00 05 00 — — 02 0119 05 — — 417 

_ Blighteorneal 2.1% 0:0 00 00 41 06 20 — — — — 20 -61 
Desp 2 00. 00 00 00 18 0% — — — — 02 O1 +146 
Deep 6 00 00 00 00 1 — — 10 88 — 770 
Deep 7 00 00 00 00 Y’ — — 22 714 
Slight O. R.. 9 10 05 00 00 10 — — ~ — 10 20°16 +10 
Very deep ... 10 02500 00 00 1017083 — — — — — 18 
Deep — 64 00 
C. R. after 20 12 0-25 12500 00 03 — 03 — — 06 — 10 08 
Sught O. R. . . 18 05 05 00 00 40 04 — 08 — — 04 — -8 
Deep „ 14 00 00 00 00 80 20 — — — — 10 10 70 
46 2°750°5 0:0 22-7 52 28 04 19 81288 88 -119 

Av. for 12 Exps. 0°38 0°19 0-04 0-0 1.62 0-37 0:19 0°03 0-18 0-22 06 06 -0-85 
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402 Z. P. CATHCART AND d. H. OLARK.. 


almost perfect regularity, a reduction both in the rate and the amplitude 
of the heart heat, whereas when the animal is deeply under (when the 
administration of the anesthetic was pushed until the cardiac contraction 


was slightly affected) there is no, or at most merely the slightest, 


reduction in the rate and amplitude of the heart beat. That this 
inhibitory influence of the depth of the anzsthesia is a sensitive balance 
is shown by the fact that when a series of experiments are carried out 
in succession, beginning with the animal deeply anzsthetised and 


continuing without further administration of ether, there is a steady 


increase in the carbon dioxide poisoning effect as demonstrated by the 
gradual decrease in the amplitude of the heart contraction, * 
of the ventricle. 


B Blood-pressure experiments. 


In view of the results obtained by Starling and his 3 it 
was of interest to investigate the effect of the administration of carbon 


dioxide in varying depths of * on n the blood-pressure in addition 


to the heart direct. 

Before determining the * of the addition of the carbon 
dioxide we carried out a series of experiments on the direct influence of 
the anesthetic alone on the blood-pressure. We found in a number of 


our experiments that on changing from “light” to “very deep” anesthesia 


the blood-pressure might fall as much as 50mm. of Hg. and that a 
corresponding rise in blood-pressure took place when — antssthesia 
; changed from “deep” to “light.” 
The effect of giving carbon dioxide was very marked in 8 the 
anwsthesia became less deep, the administration of the carbon dioxide 
air mixture brought about a gradual increase in the blood-pressyre. In 
stages of light anssthesia the carbon dioxide frequently caused a sharp 
rise of from 30 to 40 mm. Hg. from the base line at the commencement 
of the administration. Further, that the blood-pressure rise continued 
after the administration of the carbon dioxide had ceased, in other words 
that the apex of the blood-pressure rise was not synchronous with the 
point of minimum amplitude of the auriculo-ventricular trace. In deep 
antesthesia this rise in blood-pressure was not brought about by the 
giving of carbon dioxide. On the other hand when the anmsthesia 
was less deep but still deep enough to prevent the carbon dioxide 
affecting very definitely the rate and the — of the heart a rise 
in er might occur. 
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CARBON DIOXIDE ON THE HEART. 403 


As regards the relationship of the rise and fall in blood-pressure to 
the variation in the amplitude and rate of the cardiac contraction our 
experiments tend to show that, although there may be some connection, 
the diminished amplitude which results from the administration of 

carbon dioxide during light anesthesia is not solely dependent upon the 
alteration of the blood-pressure. The following short summary and the 
subsequent protocols will serve to make these points clear. 

Light anesthesia + CO,. Marked rise in blood-pressure. Labouring 
heart. Blood-pressure starts to rise before the heart trace becomes 
affected and the apex of the B.-P. curve is frequently subsequent to the 
point of minimum amplitude of the cardiac contraction ; it may even 
occur after the cessation of the administration of the CO, 


Fig. 5. Deep anwsthesia. Heart contraction and blood-pressure recorded simultane- 
ously. 5 litres of 12 % CO,air mixture. Intervals=14 secs. Total time=111 secs. 


Medium anesthesia +CO,. Rise in blood-pressure. — No marked 
labouring of the heart — slight diminution in the amplitude 
may take place. 

Deep ee. No rise in blood - pressure. Practically no 
alteration of amplitude of the cardiac contraction. : 
Tube following experiments may also be cited : 

Protocol III. The animal was very deeply anzsthetised ad & series 

of — without further anssthesia were taken at intervals ‘of about 
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4 COATHOART AND H. CLARK. 


four minutes. (The experiment was stopped before the animal came 
out of the anmsthesia.) 

(a) Animal deeply under. Five litres of 12% carbon dioxide air 
mixture given, The auricular contraction was poor before the carbon 
dioxide was administered but commenced to improve after about one 
minute and was quite good at the end of the administration. The 


ventricular trace showed a slight diminution in amplitude for some 25 


seconds but subsequently increased to its initial size. The blood-pressure 


rose very slightly at first but not again until more than half of the 


carbon dioxide had been given when a second slight rise took place. In 
all the rise in blood-pressure from the beginning of the experiment 
until it reached its maximum height about 20 seconds after the cessation 
of the administration of the carbon dioxide was only about 12 mm. of Hg. 


(see Fig. 5), After the carbon dioxide was all given and pure air was 
administered the cardiac amplitude rapidly increased, but the blood- 
pressure after reaching its maximum very pout fell away. The 


were: 
of 
Ventricle 180 13-0 13-0 
? 18-0 18-0 
Vets} rane of contre 460mm. 403mm. 431mm. 
Auricle tions 10 
Heicht of lowest ot vent. 760mm. 84% m. 50% 
dular co above the 
base line 
%Omm. 270mm. 85mm." 
| 90 seconds later 87-0 


00 No. § 5 in series, Animal lightly 8 and the 1 
beating well. When five litres of 12% carbon dioxide air mixture were 
given both the ventricular and the auricular contractions diminished in 
amplitude, the rate slowed but the blood- pressure rose some 30 seconds 
after the commencement of the experiment. After the administration 
of the carbon dioxide had ceased the heart began to contract better and 
the rate increased. again, the blood-pressure however continued to rise 


for a further 30 seconds and reached its maximum at a point when: the | 


ventricular and auricular traces were —— ee in — 
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Commencement Middle of End of 
“gene ofexperiment experiment experiment 
Ventricle 18-0 970 8-0 
Auriole } ins 18-0 80 
Amplitude. | | 
Ventriole | average of contre. 84% m. m. 2 mm. 
Auricle tions 77 
Height of lowest point ot ventrf. 78˙0 mm. 101·0 mm. 1010 mm. 
Blood-pressure in mm. Hg. above 52°0 mm. 68˙0 mm. 770 mm.“ 
base line 


_* 30 seconds later, 90 mm. 


Fig. @ Light anwsthesia. Heart contraction and blood-pressure recorded simultane- 
ously. 5 litres of 12 °/, OOrair mixture. Intervals=14 secs. Total time=100 secs. 


kms it would appear that when the anmsthesia is deep, so deep 
that carbon dioxide has practically no effect on the amplitude of the 
§ heart beat, there is no marked rise in the blood-pressure in spite of the 
fact that the percentage of carbon dioxide used ought, if the explanation 
2 of Starling and von Anrep be the correct one, to have evoked a 
| secretion of adrenalin with its accompanying rise in blood-pressure; and 

yet, with the light anzsthesia, when the amplitude is affected, we find 
the rise in blood-pressure noted by Starling. (It may be noted here 
that Elliot uh has shown that ether itself does not have any direct 


— 
z 
N. 
K 
* 
on 
; 
ag 
Biss 
2 
La 
* a 
* 
N 
* 
9 
4 
1 
* 
4 
‘aa 
* 
. 
* 
13 
* 
J 
„ 
3 a 
e 
¥ 
x 
. 
* 
U 
E. > 
* 
* 
* 
55 
F. 
8 
5 
if 
* 
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At present we are carrying out a further series of experiments with 


a view to elucidating the manner in which the anesthesia exercises 
its inhibiting action. Such results as we have obtained point to the 
inhibitory influence of the ether being due to its action on a central 
synapse although our experiments as yet are too few in number to 
permit us making at present any hard and fast generalisation. 


As regards the practical aspects of our work it certainly gives 
support to the contention that if ansesthesia is 10 be carried out with 
any degree of safety it must be deep. 


We wish to express our thanks to Mr A. Watson ‘who kindly 
assisted at many of the experiments. 3 


Trustees. 
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THE EFFECT OF GLUCOSE ON THE GASEOUS 
METABOLISM OF THE ISOLATED MAMMALIAN 
HEART. Br C. LOVATT EVANS (Sharpey Scholar). 


(From the Institute of Physiology, University College, London.) 


THE object of the present series of experiments was to obtain some 
data with regard to the influence which glucose exerts on the gaseous 
exchanges of the normal heart, in order that its gaseous metabolism 
might subsequently be studied in the hearts of diabetic animals. The 
question to be decided in the present instance is apparently a simple 
one—we require to know whether the total gaseous exchange is quanti- 
tatively altered when glucose is added to or removed from the circulating 
blood; we further require to know whether there is any, and if so what, 
qualitative change in the metabolism of the heart tissue under these 
circumstances, as judged by the behaviour of the respiratory quotient. — 
It is well known that the respiratory quotient of the entire organism | 
is raised when carbohydrate food is taken in quantity. One may quote 
as sufficient proof of this the work of Zuntz and Meringa) and of 
Magnus Levy@, but many others have confirmed this observation. 
With regard to carbohydrate introduced parenterally, less work has 
been done, although the results which have been obtained seem to 
agree fairly well among themselves. Thus Zuntz and v. Mering (i.c.), 
and Wolfers find that glucose introduced into the blood stream is 
_ oxidised and that the oxygen absorption following such an introduction 
of carbohydrate is not increased although the carbon dioxide production, 
and therefore the respiratory quotient, is raised. According to Verzér«) 
starch introduced into the blood stream is first converted into sugar 
which is then oxidised in the same manner as glucose. 

Little is known of the gaseous metabolism of isolated organs and 
tissues, or of the extent to which the various food-stuffs are used by 
different organs as sources of energy. As examples of such investigations 
one may mention the works of v. Frey and Gruber on skeletal muscle, 

Vernon on the kidney@, Cohnheim and Pletnew on the intestinem, 

Masing on the liver, Rohde on the heart, Evans on the heart uo, 
and Starling and Evans on the lungsan. | 


PH. XI VII. : 26 
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The fact observed by Rohde (i.c.) and confirmed by the present 
writer (I c.), that the respiratory quotient of the isolated heart varies 
within the same limits as that of the entire animal (e.g. from 65 to 95 
or more), indicates that the metabolism of such an isolated organ is 


- qualitatively closely allied to that of the body taken as a whole, or is 


even identical with it. In other words, the isolated heart has to a 
great. extent the power to oxidise fully to their gaseous end-products 
the same cell or plasma constituents, as the whole array of organs in 
the body has when they are working together in the normal way. 
Rohde’s work also shows that the respiratory quotient of the isolated 
heart is distinctly higher when the animal has been previously fed on 


carbohydrates, than it is on a mixed diet, which may be considered as 


further proof in the same direction. 

| That glucose disappears from the fluid used to sites an isolated 
heart was discovered by Locke and Rosenheim» and has been 

confirmed by all subsequent investigators, the most recent work on the 

subject being that of Patterson and Starlingas. But the disappear- 


ance of the glucose may not mean that it is fully oxidised to carbon 


dioxide and water. There are other possibilities; thus it may be 


(I) converted into glycogen, or into a disaccharide, (2) conjugated with 


some other substance, so that the power of reduction is lost, (3) con- 
_ verted by oxidation into some intermediate product, the full oxidation, 
of which is completed elsewhere in the body, (4) merely absorbed by 


the tissues. Locke and Rosenheim (I..) did not find any evidence 


that a disaccharide was formed, nor that glucose was mechanically 
absorbed. The latter possibility has also been rejected by Maclean 
and Smedleyas. 

In order to obtain an answer to all these queries, it is osetia! to 
know the respiratory quotient of the heart before and after the addition 
of glucose to the circulating blood, and this is what has been done in 
the experiments here described. We have also carried out a few 


experiments on the influence of different diets on the N 
quotients of the heart. 


In the first place, the respiratory exchanges of a normal heart-lung 
preparation during three hours were taken in order to ascertain whether 
the respiratory quotients and total exchanges remained constant for 
_ this length of time. The heart-lung preparation in this and all the 
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HEART METABOLISM, 


following experiments was made according to the method of Knowlton 
and Starling an, and the respiratory exchanges were investigated by 
means of the apparatus described by the writer in a previous paper uo. 


Expr. 1. Dog. Weight of heart 68 grams. Temperature of blood entering heart 
36° 0. throughout. 


ventr. | Ce. Og? 


1br. 100 374 3095 2580 82 118 928 
1, 100 191% 2750 2800 885 1106 9295 


It is seen that the respiratory quotient has altered but little during 
the three hours over which it was taken. It is rather more difficult to 
form an opinion with regard to the total respiratory exchanges, since 
the work done by the heart varied somewhat from hour to hour. 
During the first hour these variations were due to alterations in the 
output of the heart, but it is seen that the amount of oxygen utilised 
to give 1 kgm. of work was the same in the first two periods, and 
similar relations held with regard to the carbon dioxide. We may 
therefore say that the metabolism is constant during these two hours. 
In the third hour, when the work was further increased by raising both 
the arterial pressure and the output, the metabolism per kgm. of work 


is much less, and it is not really comparable with the two preceding 


periods for this reason. 

We may conclude, however, that if the blood-pressure, temperature 
and output be kept as constant as possible, the total gaseous exchanges 
will also be fairly constant, a fact which was indicated 1 in a previous 


paper (10), 
| As regards the effect of glucose on the heart, the results may be 


divided into two classes, viz. those in which the R.Q. was lower than 


8 before the addition of the glucose, and those in which it was higher 


than this. We will first consider the cases in which the quotient was 
below 8; these are given in the following experiments. 


i The columns showing the amount of oxygen consumed in the performance of a 
definite amount of work are given in order to eliminate the effects of variations of output, 
which in some of the experiments are considerable. 
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Exp. 2. Small dog. Heart weight 56 grams. An attempt was made to feed the dog 
on rice and meat, but the rice had been refused and the small quantity of meat alone 
eaten. No food at all had been eaten for 16 hours previous to the experiment. Arterial 
pressure in apparatus=55 mm. Hg. Temp. of blood entering heart 86°0—36°2° C0. 
Periods of 30 minutes each. 


1 14°4 152 10-2 155 1°04 146 
2 189 152 9˙9 283-2 148 ‘61 2 23°6 14-4 
8 29 150 99 2800 146 52 
. : 10% 18 . 
4 1299 140 9 ˙2 174-0 145 lo 
5 182 143 94 147 17˙8 156 
a 9˙2 1640 146 89 — 17˙8 15˙9 
12°4 188 88 166-6 17˙2 
8 106 188 15 180-0 159 88 si 240 21˙2 
125 5:8 179°0 161 90 88 ·8 80°4 
10 74 195 52 182-0 168 92 50.c.10%, 82:8 
Mean before glucose 723 14˙8 
887 23-8 21-2 
Increase 164 % Increase 80 43-0 


Exe. 3. Medium sized dog, given castor oil on Feb. 4th, 18, then fed with butter 
until Feb. 7th when exp. was made. One lung tied off. Gas values not corrected for 
lung metabolism. Arterial pressure 100 mm. Hg. Temperature 36°+0-8° C. Heart 
89-5 grm. 


mins. L. per hr. per hr. per min. — R.Q. Remarks 
20 11°3 147 154 238 180 76 — 16˙2 12˙2 
20 10°6 18˙8 157 245 188 76 — 17˙8 135 
20 106 18˙8 146 265 195 74 — 19˙2 14˙¹ 
48 109 14°2 145 278 24 75 — 19˙2 14°4 
20 11°8 15°4 146 298 239 80 10 grams 19˙3 155 
26 8-9 11:6 146 376 228 61 — 82°38 19 ˙7 
20 56 7°38 150 366 288 80 — 50°0 38°8 
21 4˙6 6°0 150 368 297 81 Level of 61˙5 49°5 
. blood raised 
17 2-8 8°7 148 335 321 96 — 910 87-0 
20 1-7 2-2 146 800 262 87 — 1860 
| Mean before gl 752 18˙6 18˙5 
Mean after „ 3808 650 35·0 
Inerease 9056 249% 308 % 


By left ventricle, obtained by product, output x pressure. 
* Not corrected for lung metabolism. One lung was tied off, and therefore in order to 
correct for lung metabolism the oxygen values should be reduced by 28 b. d. per hour and 
— (Starling and Evans, This Journal, XI vi. p. 418. 


* This amount of glucose raises the glucose in the blood by about 0°8 %/,. 
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HEART METABOLISM. 411 
Exp. 4. Dog. Heart 68 en, Temp. 86°2° C. Periode 20 mins. B.- P. 140 mm. 
Leftventr, Work of Pulse Oe. O05 
s nt 06 4 872 819 
4 64 966 900 % SS 257 4 
Mean before glucose // 185,7 
Mean after „ 835 24:7 20˙4 
Increase 3 57 / 72 % 
Exp. 5. Weight of heart not known. Temp. 
86°+ 5 O. Periods 20 mins. 
In this experiment glucose was added during several periods in order to keep the 
amount more nearly constant in the circulating blood. 
Gaseous volumes not corrected for lung metabolism. 
̃ œ df n us 
4 120 172 171 2866 228 10% 6. 10% 86 160 180 
| glucose 
5 Wl 44 150 8 20 ,, 74 164 121 
6 NS =", 13 4176 1298 
Mean before glucose 788 140 10-1 
Mean after „ ‘185 1856 
an Exp, 6. Dog. Fed for 5 days on butter. Heart 75 grams. B.. P. 120mm. Temp. 
36°C, Periods of 20 mins. | 
1 136 900 166% 
4 —: 19 146 i114 
4 4 153 240 185 884 272 10, 10% 81 189 1193 
6 107 167 141 8319 270 — 
7 92 144 188 886 260 — 7 233 181 
— us 384 311 — 886 — — 
| | Mean before glucose 798 182 124 
1 Mean after „ 826 1738 148 
Increase 081 14% 183%, 


| of arterial wan only 100 so: thet 
1 of the left ventricle is not known. — ‘ 


2 
75 
2 
22 
7 
1 * 


1412 L. EVANS. 


It will be seen on examination of these results that the output of 


the left ventricle varied considerably during the course of the experi- 
ment, especially after the addition of the glucose, which seems to have 
reduced it in most cases, For this reason, the figures in the column 
giving the volume of oxygen and of carbon dioxide per kgm. of work 
are not very constant, but the mean values given at the foot of the 
columns supply the necessary information with regard to the relative 
changes in the amounts of the two gases. There is some likelihood 
that the diminution in the output in the course of the experiments was 
due to an increase in the viscosity of the blood, possibly by the loss of 
plasma or water. Thus in the case of Exp. 6 the viscosity of the blood 
in the first period was 4°26 (water 1-0), and in the eighth period it bad 
increased to 52. Whether the glucose is in any way responsible for 
this change in the viscosity I am not prepared to say, but as will be 
shown in a future communication, such a change in the viscosity can 


account for changes in output of the same order as those which have 


been observed in the experiments here recorded, 

Of the experiments given above, the clearest result is that of 1 2, 
in which the addition of glucose raised the quotient from 723 to 887. 
In no other case has such a marked result been obtained. The effect of 
the glucose on the oxygen and carbon dioxide per kgm. of work is 
equally striking. The oxygen intake only increased 8 °/, while the CO, 
production increased 43°/,. These results are similar to those of 
Magnus-Levy (Le.) for the administration of glucose by the mouth in 


men and to those of Zuntz and v. Mering (Le.) for introduction of - 


glucose into the blood in dogs. The respiratory quotient is raised 
not by fall of the oxygen usage but by rise of the carbon dioxide 
production. 

The results of the other four experiments given here are similar, 
but the rise of B.Q. is not so marked. The rises of quotient are in 
all cases due to the increase in the carbon dioxide production, and not 
to fall of oxygen usage; the latter in fact have increased greatly in 
some cases, though never so much as the carbon dioxide production, as 
a glance at the mean values at the bottom of the columns will show. 

In none of the above cates has the respiratory quotient been raised 
over 9 by the addition of glucose to the circulating blood, and in this 


respect the results differ from those of the observers quoted above for 


experiments on the entire animal. It may be that the isolated organ is 
_ deprived of some accessory factor by means of which it is normally 


enabled to more — oxidise the sugar which is offered to it, or, on the 
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HEART METABOLISM. 413 
other hand it may be that the heart does not readily relinquish the 


oxidation of other constituents such as protein and fat, even in the 
presence of excess of carbohydrate. The fact that glucose does rapidly 


_ disappear from the circulating blood seems to be opposed to the latter 


hypothesis, while the fact that the hearts of some dogs without treatment 


with glucose will show a respiratory quotient higher than 9 seems 


opposed to the first idea. 
It is of interest in this connection to calculate roughly the relative 
amounts of protein, carbohydrate, and fat consumed by the heart. In 


order to do this, it is necessary to make certain provisional assumptions. 


Thus we must assume that only proteins, carbohydrates, and fats are 


being oxidised ; we must further assume that the oxidation of all these 


constituents is complete. Finally, in default of direct knowledge we 
must make an assumption as to the relative share of protein in meta- 
bolism. We can then calculate the proportion of the energy which 
is derived from the oxidation of fat and carbohydrate, according to the 
method of Schum burg and Zuntzie. These workers believe that 
about 15 % of the oxygen used goes to oxidise protein. 

It may be objected that this figure, which relates to the metabolism 
in man, cannot be applied to the case of carnivorous animals such as the 


dog. It has been shown by Rubneri, however, that in well-fed and in 


fasting dogs from 8 to 25 % of the total energy is derived from protein 


_ break-down, the mean being about 14°/,. Benedict also as has shown 


that in fasting men from 13 to 17 / of the energy is derived from 


protein. | 


It is moreover not essential to know the protein figure more then 


approximately for the purposes of the present calculation. The results 


of such a calculation are given in the following table. 
Percentage of energy derived from oxidation of 


Rese 


Exp. No. R. d. Protein Fat Carbohydrate 
2 Before glucose 728 0 
3 5 “a 752 15 75 Mean 10] Mean 
4 77 15 66 } 744%, 19 106%, 
6 55 ” “795 15 617 24 
2 After glucose 887 15 29 56) 5 
83 “808 15 55 | Mean 30 | Mean 
4 8³⁵ 15 46 486°, 99 
0 135 6⁴ 21 
6 55 ” 826 15 49 36 


These figures. are of interest in 1 to what extent ee 


metabolism of the e is changed when glucose is present in | 
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the circulating liquid. Of course, if glucose is only partially oxidised 
by the isolated organ the case is quite a different one. 

It has been shown by Cruickshankas that under conditions similar 
to those which obtained in these experiments the heart does not draw 
to any very great extent on its store of glycogen. Thus he gives ‘463°/, 
as the average content of the fresh heart (seven experiments), while hearts 
which had worked for about two hours after isolation gave 494% as the 
mean of six experiments. Under the influence of adrenalin, however, 
much of the glycogen disappears even when the glucose content of the 
blood is kept high. Patterson and Starling (Le.) find that the 
glucose consumption of the heart-lung preparation, when adrenalin is 
not added, does not on the average exceed 2 mg. per gram of heart per 
hour. Taken in conjunction with Cruickshank’s determination given 
above, this would mean that a heart weighing 50 grams would, together 


with its lungs utilise 100 mg. of carbohydrate per hour. It is im- 


material to our present purpose to discuss whether such a heart uses 
100 mg. of glycogen, which it replaces from the blood-sugar, or whether 
it uses the 100 mg. of sugar direct from the blood and leaves the 
glycogen store intact. Since 1 mg. of glucose requires 75 c.c. of oxygen 


for complete oxidation, such a heart-lung preparation would utilise — 
75 C. of oxygen per hour for oxidation of carbohydrate. I have shown — 


(e.) that the oxygen requirement of a heart-lung preparation is about 
4 to 5 c. per gram of heart per hour. Thus a heart-lung preparation in 
which the heart weighed 50 grams would use 200 to 250 c.c. of oxygen 
per hour, and if we then allow 75 c.c. of this as the amount used in 
oxidation of carbohydrate, this gives us about 27 to 33% of the oxygen 
utilised for the oxidation of carbohydrate. This agrees fairly well with 
the calculation made above from the respiratory quotient in the similar 
condition where glucose was added to the blood. Until we know 
definitely, however, to what extent the working heart draws upon its 
on store of glycogen, it is not possible to decide whether the glucose 
which is attacked is fully oxidised or not. There is moreover the 
possibility that the glucose may be attacked but only partially oxidised, 
the intermediary product formed being still capable of reducing 
Fehling’s solution. 

The following experiments in which glucose was added to the blood 
when the primary R.Q. of the heart without treatment with sugar was 
above 8 were made in order to ascertain whether in those hearts the 
sugar was more readily oxidised than in those having a low quotient. 
If the RO. is originally lower than 8 there is an indication that fat is 
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Exp. 7. Dog. Heart 485 grams. One lung tied off. Arterial pressure 88 mm. 
Temp. 87:5°.C. 20 min. periods. Values not corrected for lung metabolism. 


Output of Work of 
ventr. left ventr. 


Period left 
No. L. per hr. kgm. per hr. — 
1 156 17°9 66˙8 62˙3 
2 10˙0 114 68-0 57˙2 
8 90 10˙3 59°0 54°7 
4 10˙1 11°6 60-2 §8°2 
6 10°0 11°4 60˙2 52˙5 
7 97 11˙1 57˙8 49°7 
8 10˙8 57°38 52˙4 
9 9-1 10-4 58˙2 49-2 
: Mean before glucose 
Mean after 
Difference 


1 
2 


120 1325 162 139 

1138 11˙8 158 141 

11-7 122 158 148 
Mean before glucose 
Mean after „ 
Difference 


R. G. watk 
“93 3-7 
84 
93 5˙7 
89 5˙2 
88 53 
87 5˙3 
86 5:2 
‘91 49 
85 5˙6 
900 51 

875 5˙25 

bits 025 + 3 5 


85 18-0 
89 13˙4 
90 130 
87 
90 138 ˙0 


_ Exp, 8. Dog. Heart 83 grams. 


11˙1 
11˙4 


117 10 b. 0. 10 % glucose. 


11°25 
117 


5, +4°%, 


Exp. 9. Dog. Heart 50°5 grams. . Temp. 36°4° C. 


106 179 138 140 
9°7 16°4 174 - 166 
100 169 182 165 
9°5 161 191 178 
Mean before glucose 
Mean after „ 
Difference 


Exr. 10. Dog. Diet of meat and fat. 
Heart 67 grams. Temp. 36°5°C. Half hour periods. 


1 
2 
8 
4 


12·˙0 86 192 169 
12°0 8°6 212 185 
11°38 81 204 180 
111 7-9 219 194 
Mean before glucose 
Mean after aa 
8 — 


89 878 
‘95 106 
91 108 
94 118 
9˙7 
925 11˙3 


738 
101 

98 10 0.0. 10 % glucose. 
11˙1 

8°95 
10°45 


＋ 005 +16%, 717 % 


One lung tied off. Arterial pressure 65 mm. 


88 22˙4 
88 
88 28˙8 
1 
88 
88 26°55 


19°7 — 

2-5 

222 10 6.0. 10%, 
— 

28˙4 


13 % 14% 
1 At a higher pressure beats were dropped. 
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416 55 C. L. EVANS. 
being oxidised to supply some of the energy, and it might be urged that 


such a tissue will not immediately turn over to an exclusive consumption 
of carbohydrate and protein. But when the RO. is higher than 8 it 
might be assumed that the further supply of glucose might result in a 
much greater usage of carbohydrate, in a heart already accustomed to 
this mode of metabolism. 


It will be seen from these experimental results that in these cases : 


where the R. O. was above 8 to begin with, the increase of oxygen usage 
per kgm. of work is much less than it was in the previous series in 
which the initial R G. was low. The reason for this is that the output 
of the heart remained much more constant in these cases, since the 
experiments were of shorter duration. 

In these four experiments it is seen that the effect of adding glucose 
to the circulating blood is but small; in experiments 9 and 10 we may 


say that there is no effect, either as regards the respiratory quotient or 


the total exchanges, since the oxygen intake and the CO, formation 
increased together to the same extent. Of the other two experiments, 
No. 7 showed a slight fall, due to increase of oxygen absorption, while 
No. 8 showed a similar small rise in RQ. due to increased CO, 
production. 

In one or two cases in which larger amounts of glucose were ndded 
(10 grams), there was a marked fall in the R O. due to increased oxygen 
intake, but it was not thought to be necessary to give these results in 


detail, as the amounts of glucose added were so large that there was a 


possibility of it haying interfered with the normal processes of meta- 
bolism, in some such manner as was found to be the case by Verzér@m 
when sodium chloride was injected into the circulation of the intact 


The effect of previous diet on the respiratory quotient of the heart. 


Rohde has found that after feeding cats with a rich carbohydrate 
diet, the amount of sugar burned by the heart was much increased in 
relation to the “reserve substances (fat) used. This fact has not been 
directly tested, but I have taken the respiratory quotients of some 
dogs’ hearts after the animals had been fed on carbohydrate. The 
results of four such experiments are given below. 


In these four experiments the respiratory quotients are high, though 45 


not remarkably so. The quotients obtained in these cases are similar 
to those which : Rohde obtained in his experiments with the carbo- 


hydrate feeding of cats. They are not so high as most of the published 
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11 41 84 hrs. 187 128 “935 fed on rice and minced 
f 4 days. 
12 1 192 165 8588 Biscuit 8 days. 


70 
18 58°5 1 208 164 81 Biscuit and sugar 8 days. 
— 3 203 186 ‘915 50grams glucose by stomach 
tube for 6 days previously. 


figures which show the effect of carbohydrate feeding on man (and 


which are usually well over 9), although they are in two cases higher 
than any of those given here in which glucose was added to the blood. 
The converse experiment of deprivation of carbohydrate was also 
tried. Experiments 2, 3, 6 and 10 are examples of the results obtained. 
The respiratory quotients obtained were ‘728, 752, 795 and ‘88 
respectively, from which it may be seen that in cases where proteins as 
well as carbohydrates were withdrawn (the first three cases) the R. O. can 
be decidedly low, but that when plenty of meat is given, as in Exp. 10, 
the quotient may be as high as it often is when a heavy carbohydrate 
diet is given. This can probably be explained as being due to the 
production of glycogen from the protein. It seems therefore that the 


heart will utilise some glucose or other carbohydrate if any is available, 


as is seen in the fact that the R. O. is raised on the addition of glucose 
to the circulating blood, even after prolonged deprivation of carbo- 
hydrate. But, on the other hand, the carbohydrate consumption of the 
isolated heart is not great, since it is not easy, by the administration of 


_ carbohydrate to the heart direct in the form of glucose, to raise the 


respiratory quotient of the heart to such an extent as that of the entire 
animal is raised by similar treatment. In this connection it is 
interesting to note that Cruickshank (le.) finds that it is not easy, 

either to increase the glycogen content of the heart to a very marked 
extent, or, even by feeding with. fat, or by starvation, to entirely, or even 


greatly, reduce the glycogen content. 


The writer desires to express his gratitude to Prof. Starling for his 
advice and help with the operative procedures, and to Dr Sagoro 
Ogawa, of East Osaka, Japan, for help with four of the experiments. 


~ 


CONCLUSIONS. 


1, When glucose is added to the ciroulating blood of a heart- lung 
preparation, the respiratory quotient of the preparation is raised. 5 
2. This result is of importance as indicating that the isolated organ 
has the same power as has the entire organism to carry out to full 


completion the oxidative e which it commences. 
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3. The addition of glucose does not raise the respiratory quotient 
beyond a certain maximum, which usually lies below 9. 

4. The respiratory quotient of the heart is markedly increased by 
previous carbohydrate diet, and it is then often decidedly higher 
(above 9) than that which is obtained after the addition of glucose to 
the blood. 

5. Although both the oxygen intake and the carbon dioxide 
production are in most cases increased when glucose is added to the 
blood, the rise of the respiratory quotient is due to a greater increase in 

carbon dioxide. formation relative to the oxygen intake. 

6. It is calculated that the normal heart of the dog obtains abont 
one third of its energy supply by oxidation of carbohydrate. But in 
animals deprived of carbohydrate for some time previously the amount 

may be, and usually is, much less than this. | 


wee in part defrayed by from the Roya Solty 
to whom I desire to tender my best thanks. | 
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FURTHER EXPERIMENTS ON THE ACTION OF THE 
VAGUS ON THE ELECTROGRAM OF THE FROG’S 
HEART. By GEORGE RALPH MINES, Fellow of S, 


Sussex College, Cambridge. 
(From the Physiological Laboratory, Cambridge.) 


Ix a recent paper’ Miss Dale and I showed that the effects of 


stimulation of the vagus on the electrocardiogram of the frog depended 
in great measure on the amount of slowing produced. The direct 
effects of the vagus on the duration of the electric disturbance in the 
ventricle and on the A.- v. interval are precisely opposed to the effects 
produced on these time intervals by reduction in the frequency of the 
heart beat. In other words, the effect of the vagus on the ventricle is 


in a sense antagonised by the effect of the vagus on the sinus venosus 


in the spontaneously beating heart. We found that in cases where 
stimulation of the intra-cranial vagus caused great slowing of the 
heart, there was not infrequently shortening. of the a.-v. interval and 


_ lengthening of the duration of the excited state in the ventricle. On 


the other hand, when the chronotropic effect of the vagus was less 
in evidence the effects on the electrogram were always a lengthening 
of the A.- v. interval and a shortening of the ventricular complex. We 
also suggested a simple explanation of the fact that the form of the 


final variation of the ventricular complex is very commonly modified 


as a result of vagus stimulation. In this paper I propose to describe 
some experiments designed to analyse further the action of the vagus 
on the ventricular electrogram, and to give a direct experimental proof 
of the explanation of the change in form of the ventricular complex 
which we deduced from our former experiments. 


1 Dale and Mines. This Journal, XI Vf. p. 819. 1918. 
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420 G. R MINES. 


The effect’ of atropinisation of the vinus venoeus on the action: 
of the vagus on the electrogram. 


It might be thought that the simplest method of eliminating the - 


chronotropic effect of the vagus in studying the effects of its stimula- 
tion of the heart, would be to keep the heart beating throughout the 
experiment by rhythmical artificial stimuli. The difficulty is however 
encountered that the application of such stimuli, whether to the sinus, 
auricle or ventricle often of itself causes excitation of the inhibitory 


or augmentor apparatus and so obscures the background on which 


should appear the effects of intentional stimulation of the vagus. 
With a little care it is possible to treat the sinus venosus with 
atropine by direct local application i in such a way as to eliminate the 
effect of the vagus on the sinus, and therefore on the frequency of the 
heart beat, without. interfering with its direct action on the ventricle. 
If the effects of vagus stimulation on the electrogram before and after 
the application of atropine to the sinus are compared it is found that 
the results before described as characteristic of-the direct action of the 
vagus on the junctional tissue between auricles and ventricle and on 
the ventricle itself are mach more pronounced when the retardation is 
eliminated. Care is necessary in applying the atropine; any spread to 
the base of the ventricle interferes with the success of the experiment. 
I have performed the experiment with stimulation of the intra-cranial 
vagus and with stimulation of the intra-cardiac vagus, and both methods 
have demonstrated the essential fact. Natarally, stimulation of the 
intra-cranial vagus is a better experiment, since there is no danger 


of exciting any but inhibitory fibres under these conditions; while : 


stimulation of the sinus venosus usually quickens the rhythm by direct 
action on the muscle and sometimes by stimulation of the intra-cardiac 
sympathetic fibres. I shall quote one experiment at length. 


Exp. November. Temp. 14:8°C. Rana temp., male. Central nervous system 
destroyed except for the spinal bulb. Stimulating electrodes on exposed medulla at 


origin of vagi. Heart suspended. Galv. electrodes on apex of ventr. and viscera. De- 


flection time - 015“. 10 mm. defl. - 20 millivolts approx. 


11.22 am. Stimulation causes great slowing and alteration in form of ventr. complex. 

11.27. Atropine sulphate (Merck) ‘01 % in Ringer applied to sinus venosus on a piece 
of blotting paper about 8 mm. square. 

11.30. Stimalation causes no slowing of auricle but produces block between auricle and 
ventricle. 


11.35, Stimulation of vagus: records analysed below. 

The stimulation was stopped directly block appeared. 
11.40. Atropine on ventricle. 
11.44. Stimulation of vagus does not alter electrogram. 
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FROGS HEART ELEOTROGRAM. 4121 


application of atropine to the sinus venosus. 


4. -v. oy ventricle 
= 
2-03 . 0°34 1-02 25 
2°04 0-35 1-02 25 . 23 
2-03 O35 . 1-02 25 22 

2°03 0°36 1°02 25 22 
(Stimulation of intra-cranial vagus begins.) 
2-08 0°35 096 24 22 
204 0°38 16 22 
2 ˙04 0°78 0°66 7 21 
2064 none none none 
(Stimulation of vagus ends. ) 5 
2-04 0°50 0°56 2 2 
2-03 0°37 0°68 20 
2-08 0°35 0-60 d 20 
2°08 . O35 0°64 6 21 

. 2-08 90735 0°70 8°5 21 
2-08 0-35 0°76 
2-03 084 15 2¹ 

* 0°36 0-90 18 21°5 
2-08 0°36 094 20 22 
2-08 036 098 21˙5 22 
2°04 0°36 100 22 22 
- 100 22°5 - 22 
(Interval of 10 seconds in record.) 
204. 0°36 100 23 22 
(Interval of 30 seconds in record.) 
2°04 0°36 1:02 24 - 22 


The measurements of * A-. intervals, the 1 of the 
ventricular complex and the amplitude of the mechanical record are 
plotted in Fig. 1. The curves are very similar to those in Figs. 2 and 
3 of the paper’ by Miss Dale and myself. The elimination of change 
in frequency of sinus and auricles allows us to see in this case 
what are the direct effects of the vagus on the 4.-v. interval and the 


ventricular complex when the dynamic equilibrium of the heart is 


undisturbed by other influences. The shortening of the duration of 
the excited state in the ventricle and the lengthening of the a.-v. 
interval, leading in this case to actual block, are both very strongly 


marked. The difference in rate of recovery of these processes is 


striking. The A.-v. interval was more than doubled before block was 
produced, yet within 5” of the cessation of stimulation the A.-v. interval 


1 Loe. cit. 
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had 8 its normal length. The duration of the ventricular 
complex had not quite returned to its original value even after 20“, 
The relation between the duration of the excited state in the ventricle 
and the amplitude of the mechanical response appears again most 
clearly in this experiment. The last column of figures in the table 


shows that the potential difference set up between the apex and base of 


the ventricle was affected only to a slight extent = this great 
3 in the mechanical response. 


30 


20° 3 90° 40 


ie. 1 
icular interval 


=amplitude of mechanical record of (scale on right). 


The points representing these charscteristios of each beat are placed in the same 
vertical line. 


If the time of ascent of the “spike” may be taken as evidence of the 


rate of transmission of the excited state in the ventricle, this rate was 
not changed appreciably. Throughout the record the time occupied by 
the ascent of the spike (R-wave) was 0:08”. 

An experiment made in the same way but with the region immedi- 


ately under the apical electrode crushed so as to give a monophasic 


electrogram, showed closely similar results. 

Stimulation of the vagus increased the A.- v. interval from 0°52” to 
0°78” (in this experiment A. -v. block was not produced). The duration 
of the ventricular electrogram was reduced from 0°84” to 0°44”. Com- 
plete recovery of the normal value of the a.-v. interval occurred within 
4 beats (8”) after cessation of vagus stimulation. Recovery of the 
normal duration of the ventricular ee took more than 18 beats 
(36"). 
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ROSS HEART BLECTROGRAM. 423 


The time of ascent of the monophasic ventricular curve (0°08”) was 


unaffected by the vagus stimulation, while the maximal potential 
difference developed was reduced but slightly, from 55 to 50 millivolts. 
The mechanical record of the ventricle was cut down from 10 mm. to 
0˙5 mm. The progress of its fall and recovery followed the same course 
as that of the duration of the ventricular electrogram. 

From the data given it is evident that the contour of the curve 
expressing the monophasic variation is greatly altered by vagus stimula- 
tion. I propose to discuss this change in form in a subsequent paper 


dealing generally with the interpretation of the monophasic response. 


Ewplanation of: the influence of vagal stimulation on the : 
form of the ventricular complex. — 


Samojloff! in 1910 described a change in the form of the ventri- 
cular complex resulting from stimulation of the vagus: a change in 


form which he has since insisted on as being absolutely characteristic 
of the action of the vagus on the frog's ventricle. The final variation 
of the ventricular complex (the “7-wave”) may be described as 
“ positive” when it is in the same direction as the initial deflection of 
the ventricular complex (R-wave), negative when it is in the opposite 
sense. Samojloff’s effect is this:—when the vagus is stimulated the 
final variation of the ventricular complex (7'-wave) becomes altered in 
the sense of negativity. If, as is most common, the wave is positive at 
the start, it becomes less positive and may become negative on stimula- 
tion of the vagus. If negative at the start it becomes more strongly 
negative. Samojloff’s experiments were made on Rana esculenta. 
As I have already stated elsewhere’, I have had opportunities of con- 
firming the frequent occurrence of Samojloff’s effect in R. temporaria. 
If there is any change in form of the final variation on stimulation of 
the vagus, the change described by Samojloff is the most usual. But 
in at least six cases out of 20 or 30 experiments, stimulation of the 
vagus has produced marked increased positivity of the final variation. 


In other instances the wave has been unaltered in spite of well marked 


inhibition, and, as Miss Dale and I pointed out“, we had two cases in 


which the first record of vagus stimulation showed an effect on the 
final variation opposite in sign to that produced by a subsequent 
stimulation. We suggested that the effect of the vagus on the form of 


Samojloff. Arch. oxxxv. p. 417. 1910. 
 *Bamojloff. Zutrib. f. Physiol. XXVII. p. 7. 1918. ; 
Mines. Proc. Camb. Philosoph. Soc. XVI. p. 615. 1912. Loc. eit. 
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the electrogram depended on its affecting different parts of the ventri- 
cular muscle to different extents in different cases; always shortening 
the duration of the excited state, but sometimes shortening it more in 
one region than in another and so leading to predominance of basal or 
apical regions towards the end of the ventricular complex. The most 
usual effect (Samojloff’s) would represent the case where the basal 
region of the ventricle 1 is more affected by the vagus than is oe — 
ie extension of the method described in the first section of this 
paper offers a simple method of testing our hypothesis. If we can 


prevent the action of the vagus in one part of the ventricle without 


upsetting it in another region, it will be possible, if our hypothesis is 
correct, to determine the direction of change in the final variation 
which shall be set up by vagal stimulation. The localised application 
of atropine enables this experiment to be carried out. A 0° 1% solution 
of atropine sulphate i in Ringer's solution may be applied to the surface 


of the recently exposed ventricle without as a rule altering the form of 
the electrogram (unless the ventricle is already under vagal influence or 


under the influence of some drug antagonised by atropine). Now if 
atropine is applied to the base of the ventricle alone and allowed a few 
minutes to soak in, stimulation of the vagus always causes increased 
positivity of the final variation if it produces any effect at all. Naturally 
the experiment is most striking when the change produced by vagal 
stimulation before application of the atropine was diminished positivity 
(Samojloff s effect). The chronotropic effect of the vagus may be 
eliminated by applying a little dilute atropine to the sinus without 
disturbing: Samojloff's effect. But when atropine is applied to the 
base of the ventricle, avoiding spread of the solution to the apex, 
within a few minutes stimulation of the vagus causes increased 


positivity of the final variation. The slight lag in the onset of the 


effect of application of the atropine solution is a control indicating that 


the result is in no way due to accidental change in local temperature 


or electrical conductivity of the preparation. Once developed the effect 


(that is to say, increased positivity of final variation on vagal stimula- 


tion) can be repeated a number of times and only disappears when 
owing to spread of atropine to the apical regions or through fatigue of 
the vagus, stimulation of the nerve fails to produce any effect what- 
soever on the electrogram. Fig. 2 illustrates the above statements. 
Conversely, the application of atropine to the apex of the ventricle 
ensures the appearance of * effect When the vagus is 
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stimulated if it has any action on the ventricle at all: even when the 
untreated heart gives a change in the direction of increased positivity 
of the final variation on stimulation of the vagus, after aeg 


of atropine to the apex, stimulation 4 — — 


variation. 


( | 


Fig: 2 (2) two 


minutes later, (d) one minute after application of 0-1 % atropine to base of ventricle, 
2 le) stimulation of vagus, (J) three minutes later, (g) immediately after (7). 
stimulation of vagus (four minutes after application of 9 one minute 


later, two later, (#) vagus stim., 


sa The various effects of vagal stimulation on the characteristics of 
the. co-ordinated heart beat have been recognised, since the work of 
Gaskell and of Engelmann, as due in large measure to the fact 


that the vagus terminations lie in several parts of the heart, alteration _ 


of the functions of. which parts produce different, effects. Thus 
slowing of the sinus venosus of necessity produces slowing of the 
beat of the whole heart, since the rhythm originates in the sinus. 
Diminution of the rate of conduction in the junctional tissues causes an 
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increase in the interval between the beginning of contraction in one 
chamber and the next: reduction in force of contractions in auricle 
or in ventricle depends on a local effect of the vagus on these 


chambers: Zwaardemaker? has pointed out that experiments made 


by Wolterson show that the threshold values for the various effects of 
the vagus differ and that the maxima of the various effects observable 
in the mechanical response differ in their time of arrival. The experi- 
ments of Muskens“ showed that in the frog’s heart not only was the 
frequency of the sinus altered by vagus stimulation, but also the force 
of the contractions of sinus was reduced. The study of the electrogram 
of the beating heart confirms the observation made by Engelmann and 
by Muskens that the rate of conduction of the excited state from 
auricle to ventricle is diminished by vagal action: it facilitates the 
quantitative investigation of the time relations of this change. But 
the most important information to be gleaned from the electrogram of 


the frog's heart is in connection with the changes which go on in the 


ventricle. 

Samojloff“ has recently shown that the alteration in the strength 
of the demarcation current of the injured frog’s ventricle is changed by 
stimulation of the vagus in just the same fashion as Gaskell* showed 
was the case in the quiescent auricle of the tortoise. Samojloff* also 
recorded the fact that on stimulation of the vagus the duration of the 


electric response of each excitation of the frog’s ventricle was diminished. | 


Miss Dale and I’ confirmed this observation and showed that the same 
holds also for the tortoise auricle. 

Combining the observations of Gaskell, Samojloff and Dale and 
myself the following statement is reached:—In the auricle of the 
tortoise and in the ventricle of the frog the following changes in 
electrical condition accompany the inhibition produced by the vagus: 
(a) the difference of potential between the inhibited muscle and an 
injured region is exaggerated ; (b) if a wave of excitation is started in 


1 While this paper is in the press a paper has been published by Cohn and Lewis 
(Journ. Exp. Med. Dec. 1918) showing that in the dog’s heart the left vagus has a pre- 
dominant effect on conduction from auricle to ventricle and referring the differences in 
the effects of right and left vagi to the anatomical distribution of their endings in the 
heart. To demonstrate the effect on conduction, the heart was kept beating by rhythmic 
stimulation of an auricle. 

* Zwaardemaker. K. Akad. Wetensch, Amsterdam, Deo. 29, 1906, 

* Muskens Amer. Journ. Physiol. 1, p. 486. 1898. 

* Samojloff. Zutrib. f. Physiol. xxvu. p. 575. 1918. 

® Gaskell. This Journal, vm. p. 404. 1887. 1 

Samojloff. Arch. cxxxv. p. 460, 1910. Loe, cit. 
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such inhibited muscle the duration of the electrical disturbance 


indicating activity is abnormally short. ; 
The experiments described in the present paper enable us to state 


further that the action of the vagus described under (b) holds good 


for both basal and apical regions of the frog’s ventricle. This is proved 
by the effects of local application of atropine which abolishes the power 
of the vagus in one region or the other without preventing all action 
on the ventricular complex. It might indeed be inferred from the very 
fact that the total duration of the electric response of the ventricle is 
shortened. For so long as any considerable portion of the ventricle 
remains in the excited state, unless such portion is orientated with 
absolute symmetry in respect to the leading-off electrodes, the ventri- 
cular complex will not end. This fact is exemplified also by the 
atropine experiments. For after the application of atropine to one or 
the other region, although stimulation of the vagus alters the form of 
the electric response, it has little or no effect on the total duration 
of the ventricular complex. 

The interpretation of the action of the vagus on the form of the 
electrogram now offers no particular difficulty. Any agency which, 
acting on the ventricle generally, causes a reduction in the duration 
of its electrical disturbance, if allowed to act on one region and not on 
another or one region less powerfully than on another, will tend to 
make the disturbance at the region less powerfully acted on outlast 
the disturbance in the other region. The form of the final variation 
of the ventricular electrogram, with the mode of derivation employed 
by Samojloff and by me, depends on the relative duration of the 
disturbance at the apical and basal regions’. If base outlasts apex 
the wave is positive and vice versd. In the frog’s ventricle the vagus 
generally acts rather more strongly on the basal region than the apical. 
From Samojloff’s experiments it would seem that this is always the 
case in F. esc. In R. temp. it is most common, but sometimes the 
apical region is more affected than the basal region and occasionally 
both regions are affected to the same extent. The two instances which 
Miss Dale and I found in which in the same preparation stimulation of 


the vagus at one time gave a change in one direction and later in the 


experiment (without the application of any substance to the muscle) 


gave a change opposite in sign to the first, must probably be ascribed | 


either to a difference in the rate of onset of fatigue in the myo-neural 


1 For literature and discussion of the final variation or T wave” see Mines, This 
197. 19138, 
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junctions in different regions or to different fibres of the vagi being 
reached by the weak stimuli used in the two tests, Hees —— 2 
shifting of the electrodes. 

Finally, our experiments on the electrogram A us to view in 
a new light one plausible and ‘ingenious hypothesis advanced by 
Muskens to explain the reduction in strength of the contractions in 
thé various chambers of the heart on vagal stimulation. Starting from 
the observation that stimulation of the vagus can cause dissociation 


of the contractions of various portions of the sinus venosus, Muskens! 


suggested that the vagus may regulate the force of contraction of 
cardiac muscle simply by changing its conducting power. The dimin- 
ishing force of the contraction under vagus inhibition may mean 
that fewer and fewer fibres take part in the contraction because the 
decreasing power of conduction prevents more and more fibres from 
being reached by the excitation wave. Muskens found support for 
this view in the “similarity in the action of the vagus on the force of 
the contraction and on the length of the contraction interval” (from the 


context one understands s.-A. interval, A.- v. interval ete.) “ in both the 


effect-rises quickly to a maximum and then slowly disappears.”. 
_ Reference to the figures in the paper by Miss Dale and myvelf 
and to Fig. 1 of this paper shows very plainly that the recovery of 


conduction in the a.-v. bundle and the recovery of height of contrac. 


tion in the ventricle follow strikingly different curves: one can base 
nothing on their “similarity.” But the question remains, and is of 


extreme interest: does the weakened contraction of the ventricle under 
vagus inhibition mean the contraction of fewer fibres through failure of 


the excited state to reach the rest or does it mean the weakened 
contraction of all or most of the fibres? The following — seem 
to me to point to the latter alternative. 

(1) Diminished power of conduction (block) is, so far as we jack 
pS heralded by diminished rate of. conduction. . This is best 
exemplified by Gaskell’s experiment on the slit auricle, where delayed 
conduction regularly precedes block: it is also seen in many experi- 
ments on the A.-v. junction. An agency which causes block (ég. 


Increased acidity, increased frequency of excitation, vagus excitation) 


always slows the rate of propagation in the earlier states of its 
action. Now the ventricular electrogram, as we have seen, gives 


evidence that the rate of propagation of the excited state in the 


ventricle is not e even during very . inhibition. 
1. Loe. eit. 
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ROSS HEART ELEOTROGRAM. 129 
(2) If the power of conduction of the ventricular muscle is 


diminished so as to cause certain fibres in the ventricle to escape the 


excitation wave, it is to be expected that those fibres will be most likely 
to escape excitation which are furthest removed from the region where 
excitation reaches the ventricle, since in order to reach them the wave 


would have to traverse a greater amount of poorly conducting tissue. 


Fibres in the apical region should therefore be cut out sooner than 
those in the basal (at any rate the left basal’) region. 


Ik vagal stimulation caused failure at the apex rather than at the 


base of the ventricle, it should always make the final variation of the 
ventricular complex more positive. As we have seen, it usuall y makes 


the final variation more negative (Samojloff's effect). 


(3) If the reduction in force of the ventricular contractions during 
vagus inhibition means that portions of the muscle fail to enter into 
the excited state, these portions must form a large proportion of 


the whole ventricular muscle when the reduction of the force of 


contractions is great. Now if a large part of the ventricular muscle 
fails to enter the excited state, such part will set up no electrical 
disturbance, but will provide paths for short-circuiting the currents 
set up by the still active parts. This must inevitably cause a great 


reduction in the strength of current derived from the muscle by the 


galvanometer leads. In most of our experiments, Miss Dale and 
I found that there was no regular relation between the height of the 


contraction and the strengths of the currents recorded by the galvano- 


meter. In the table on p. 421 of the present paper it is seen that the 


reduction in amplitude of the ventricular contractions is accompanied 


by a reduction in the extent of the initial electric variation of the 
ventricle. But while the contractions are reduced by 92% of their 


original value, the initial electric variation is reduced less than 10 %, 


the time of ascent of the spike being unchanged. 
It would appear then that the excited state is propagated at a 


normal rate throughout the inhibited ventricular muscle. The differ- 


ence is that in the inhibited ventricular muscle the excited state lasts 
a shorter time. 
As I have shown before“, other factors being equal, a diminution in 


1 For 1 discussion of Gotoh's hypothesis see Mines, This Journal, XII. 
p. 201. 1918. It is there shown that the looped paths of conduction assumed by Gotoh 
cannot involve any large part of the musculature. § This Journal, IVI. p. 875. 1918. 
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the duration of the excited state oy involves a reduction in the — 
force of contraction. 
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| 
By the local application of atropine to the sinus venosus of the 


frog's heart the effect of stimulation of the intra-cranial vagus on 
the frequency of the beat can be eliminated while the effect on the a.-v. 


junction and on the ventricle remains. 
_ Changes in frequency of beat being eliminated, vagus stimulation 


causes reduction in the rate of transmission of excitation from auricle. 


to ventricle and diminution in the duration of the excited state in the 


ventricle. The recovery curves from these effects have quite different 


time relations. 

The effects of vagus stimulation on the form of the ventricular 
electrogram depend on differences in the extent to which different 
regions of the ventricle are influenced by the vagus. All parts appear 


to be influenced to some extent. By the local application of atropine 


to base or apex the effect of the vagus in one or the other region may 
be cut out and thus the effect of the vagus on the form of the electro- 
gram modified at will. 

The weakened mechanical beat of the ventricle under vagus in- 
hibition is not generally due to failure of some muscle fibres to become 
excited, but to a weakening of the contraction in all the parts. This 


weakening is closely associated with a diminution in the duration of the 


excited state in the eats, 
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ON THE AVERAGE COMPOSITION OF THE ALVEOLAR 
_ AIR AND ITS VARIATIONS DURING THE RESPIRA- 
TORY CYCLE. By A. KROGH AND J. LINDHARD. 


(From the Laboratory of Zoophysiology, University of Copenhagen.) 


Tux composition of the alveolar air can be determined either directly 
by sampling or indirectly by calculation from the expired air. Serious 
discrepancies between the results obtained by different methods are 
often observed. The object of the investigations described in the 
present paper has been to inquire into the respective merits and draw- 
backs of the methods and to devise such modifications that perfectly — 
reliable results with regard to the average alveolar tensions of carbon 
dioxide and oxygen could be obtained. 

The indirect method, which was devised by Bohr for calculating 
the composition of “ the air of the bifurcation” and first used by Zuntz 
for the alveolar air, depends upon an accurate knowledge of the volume 
of the “dead space.” With superficial breathing, especially, errors on 
the assumed volume of the dead space may have a very considerable 
influence upon the results with regard to the alveolar air. If the dead 
space should vary with the ventilation,as Haldane and Douglas have 
found’, all calculations regarding the alveolar air which have been based 
upon the assumption of a constant dead space—practically all such 
calculations extant—would be worthless. 

As pointed out by one of us in 1910* and shown in detail in a recent 
paper“ the composition of the alveolar air as found by calculation (with 
a correct volume for the dead space) does not give the average alveolar 
tension of any gas but its percentage in what we call the “alveolar 
expired air.’ The percentage of CO, in the alveolar expired air is 
lower than its average alveolar tension but the difference is unknown. 

The calculations of alveolar CO, and O, made by different observers 
by means of the formula have never gone far to elucidate the regulation 

urig and zunts Biochem, Ztschr. p. 459. 1912. 


2 This Journal, Xv. p. 8385. 1912. 
3 Skand. Arch. f. Physiol. XXII. p. 289. 1910. * Ibid, xxx. 
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432 4. KROGH AND J. LINDHARD. 


of the breathing, and the introduction by Haldane and Priestley' of 


their method for direct sampling of the alveolar air marked an epoch 
in the history of the subject. A flood of light was thrown by their 


researches on the problem and the main features of the solution were 


brought out at once in clear outline. In subsequent researches by 


Haldane and his co-workers the method has vie e wee 


and bas given results of great value. 

In spite of the brilliant results the method ¢ can ‘i den beer, 
to have limitations and drawbacks which may become serious — 
in cases. 


4 


* 1, Series of Haldane-Priestley expirations on J. I. Rest. Seale in litres. 


t:! 
118 1˙1 OBL 092 
00, % K. -P. insp. sample ... ee 4°38 4°31 4-01. 4°63 4°43 


Vol. of preceding inspirations, 1. 1-05 1009 


005 0% F. ... 448 467 476 454 4% 
‘Aly, exp. Oo, caloulated from formula 4°57 


* Campbell, Douglas, Haldane and Hobson? point out the 
lack of precision of the method. “In individual determinations, even 
though they are each double, there may be variations of about 0°2°/, 
from. the mean alveolar CO, percentage under the conditions of the 
experiment.” Why this is so can be seen from the series of Haldane- 
Priestley determinations which we have made on J. L. and reproduced 
in Fig. 1 and the adjoined table. The co, percentage of each sample 


This Journal, xxx1t. p. 240. 1905. 2 Ibid. p. 503. 1918. 
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is clearly influenced by the depth of the preceding inspiration or 
inspirations, becoming low when these are deep (insp. sample 3) and 


high when they happen to be shallow (insp. sample 4). The variations 


which we have found in this case are smaller than they have been 
found by most other observers, in accordance with the fact that the 
respiration of J. L. is more regular than of almost any other person 
observed by us. Our experiments go to show that during muscular 
work, when the depth of the respiration is increased to 2 l. or more, the 
accidental. deviations between a series of H.-P. samples on J. L. become 
smaller, because the respiration becomes relatively much more regular. 
2. The time taken to make the deep and sharp expirations from 
which the H.-P. samples are drawn is in the case of J. L. practically 
constant both during rest and work, namely 0012 minute with varia- 
tions from 0-008 to 0°015. The CO, production taking. place during 
this interval, which will increase the CO, percentage in the samples 
obtained, is negligible during rest but becomes very serious during 
muscular work, as we have pointed out before’ and are going to show 


_ quantitatively in the present paper. 


3. The large accidental errors can be counteracted by increasing 


the number of determinations and using averages. The systematic errors 


introduced during muscular work might perhaps be allowed for, when the 
CO, production per minute and the duration of the H.-P. expiration is 


known. Even if we obtain figures which represent exactly the CO, 


percentages at the beginning and end of the normal expiration it does 


not follow, however, that the average of these is the true average CO, 


tension in the alveoli. That depends finally on the rate at which the | 
CO, percentage in the alveoli increases during expiration and decreases 


during inspiration. If this rate is uniform (increase or decrease pro- 


portional to the time after the beginning of expiration or inspiration) 
the average of the highest and lowest CO, % is the average for the whole 
period, but if not there must be a discrepancy, which may or . not 
be a negligible quantity or even a constant quantity. 

The lack of precision of the H.-P. method and even the date | 
errors undoubtedly introduced during muscular work may have been of 
advantage at first. They have helped at all events to bring out clearly 
certain essential facts and to veil minor variations and discrepancies 
which might have. confused the issue. Now, however, the main fact of 
the CO, or hydrogen ion regulation of breathing has become firmly 


: established, thanks to the use of the H.-P. method in the hands of 


2 This Journal, vn. p. 82. 19138, 
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Haldane and his co-workers, and in the study of the details of the 


regulating mechanism the want of more precise methods makes itself 
more and more felt. The use of the methods employed hitherto has 
given rise to disagreements and misunderstandings on points which 
we take to constitute important problems i in the respiration physiology 
of to-day. 

To clear up the differences we have endeavoured to construct curves 
showing the variations in CO, and O, percentage in the alveolar air 
from the beginning of expiration to the maximum, which occurs after 
the end of expiration when the air from the dead space has been 


' pebreathed?. If a reliable curve of this kind can be made out it 


becomes possible to compute from it both the average alveolar expired 
air and the average alveolar CO, tension and to compare the values 


found with H.-P. samples and with the alveolar expired air as found by | 


calculation from a respiration a. 


In order to obtain such curves we arranged to take a certain 


number of samples of expired air at different and well-defined depths 
during one or more expirations. The technique is shown in Fig. 2. 


The recording spirometer of our respiration apparatus“ was arranged to 


make contacts at certain points (c, d, ¢) during its movement. The 


position of the contact bearing plate A could be regulated so that the 
contacts would come at suitable moments and last a suitable time each, 
during the expiration. The distance between the extremities of the 
contact plates on A corresponds to about 400 c.c. When contact is 


1 Krogh. Skand. Arch. f. Physiol. xxx. 
* Described in detail by Krogh, Ibid. 


f, 1 

Ag 

ba 

« 
> * 

2 

12 

8 
rg 

Ae. — 

‘ 

2 
& 

R 

a 

2 

8 

B ~ 

4 A 

£6 

“a! 

3 

2 
>. 
a 
2 
* 
1 
* 
— 


ALVEOLAR AI 435 


made nearer the base the distance becomes shorter, and the duration 
of each contact longer. The key B is closed by hand during an 
expiration when it is desired to make the contacts effective. The 
magnets C, D and E will then become actuated in succession, and each 
will open for a very short time the connection between a (generally 
vacuous) sampling vessel (O) and the current of expired air just between 
the teeth of the subject. The samples of expired air obtained in this 
way are denoted in the following as automatic samples. When these 
samples have been taken the experiment is closed, and while the 


contacts corresponding to the samples are made by the spirometer the 


drum with the record of the respiration is moved backwards. The pen 
on the spirometer will then draw the lines c, d, e on the record (Fig. 3) 
and their points of intersection with the expiration or expirations (H 
and J), during which the samples were taken, will show (1) the volume 
of air expired before each sample, and (2), by reference to the time record, 


Fig. 3. J. L. 


the time after the beginning of expiration corresponding to the sample. 
When the samples are drawn from two or more expirations, volumes 
and times are measured for each and the results averaged. Only such 
experiments have been utilized in which the respiration was fairly 
regular. In addition to 1 to 3 automatic samples we have in all 
experiments taken b samples by hand through the tube F from the 
end of the same expirations from which the automatic samples were 
drawn and finally samples of inspired and total expired air covering a 


short period comprising the respirations from which the alveolar samples 


were drawn. In some of the experiments we have moreover taken H.-P. 
samples of alveolar air, but these must be taken some time before 
the other samples, as they make the respiration irregular for a certain 
time. | 
Fig. 8 is the graphic record of a successful experiment made during 
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heavy muscular work (O, absorbed per minute 1830 c.c. 0°, 760): 4 and 


B are expirations for taking H.-P. inspiration and expiration samples 


respectively. The automatic samples have been taken at d, d and e and 
the b sample at J and H. Fig. 4 is a reproduction of the average 
respiration of this experiment with the H.-P. expirations added. Ordi- 
nates are litres and the abscissa gives the time in 1/100 minute. 
Below is a graphic representation of the variations in CO, and O, 
percentage of the samples obtained. n are 1825 cent. * 
O, It is obvious that the I, 
OO, percentage increases very 
nearly in proportion to the 

time elapsed after the be- 3E A 
ginning of expiration. As tzhe 


two H.-P. samples fall approx i- 
mately on the same straight _ 12 ne 65 
line it follows that the depth ; 

of the expiration preceding the ie 

sampling has had no influence 2 977 

upon the result. In this case G— 


the depth of expiration pre- 
ceding the first automatic 

sample was 820 c.c. In other 2 
work experiments we have 
observed the same propor- 

tionality between the time 37 
and the CO, percentage of the 
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samples even when the depth 43 
of expiration preceding the 
first sample was only 500cc, 
It has been shown abundantly 


that to wash out the dead space 6K 
completely an expiration of 


about three times its volume . |. 4 
** 


is necessary, and we must con- 56 
clude therefore that the dead & 
space in these experiments 


was not above 170 c. and eee 
could not be anything near 1, % 00, O, 6, 0, 6. 
volume of 500-600 cc. which 7. samples. ‘Time record in minute: 


Haldane and Douglas have deduced from their experiments with 
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a similar amount of work! The 00. curve in Fig. 4 shows more- 


over why the experiments of Haldane and Douglas must give a 
value for the dead space during work which is much too high. The 


volume of the dead space should be found by comparing the OO, 


percentage of the alveolar expired air with the total expired air“. The 
maximum CO,°/, in the alveolar expired air is undoubtedly represented 
by the b sample, drawn from the last portion of air which gets out from 
the body and showing 5°64°/, CO,. The minimum according to the 
curve is 3°59 %. The extrapolation by which the minimum has been 
obtained may be doubted, but it is obvious that the true minimum 
must be lower than the 4°41 % found in the H.-P. inspiration sample. 


When therefore Haldane and Douglas take the mean of their H.-P. 
inspiration and expiration samples as their basis for the calculation of 


the dead space the result must become too high, and a great deal too 
high. In the present case we find with an expired volume of 3:25 l. 


and a CO, percentage in the expired air of 4°50 a dead space of 100 c.c. 


when we take the alveolar CO, as 461% (the average of the curve), but 
just 500'c.c. when we put the alveolar CO, at 5°32, the average of the two 
H.-P. samples. The latter figure agrees very well with what Haldane 
and Douglas have found on D. when he was doing a similar amount of 
work. | 

When we can show, as we think conclusively, that the dead space 


cannot possibly be nearly so large during work as assumed by Haldane 
and Douglas, and when our curves point further to the dead space not 


being larger than 170 C. c., we must feel justified in accepting our own 


dead space determinations by means of the hydrogen method, which 


have been tested and varied in several ways, as materially correct, and 


we have consequently taken the personal dead space of J. L. in all the 


experiments described in the present paper as 100 c. c. while the total / 


dead space—including the mouthpiece and the space between the 
valves — is 150 c.c. 


We have laid so much emphasis upon this point, because the las 


problem about the average composition of the alveolar air turns upon 


the correct determination of the dead space. Only when ‘this is 
accepted as known can the material * we have — * 
be utilized to the full. 

The air which we collect in one of our samples has on an avérage 


Journal, xiv. p. 286. 1919. Krogh. "Shand. Arch. f, 
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left the alveoli just that time earlier which it takes to expire the 
volume of the dead space, and in order to obtain the true variation 
curve for the air in the lungs, this difference in time must be taken 
into account. When the dead space is only 100c.c. (for the automatic 
samples) or 150 c.c. (for the ö sample) the influence of this correction 
is not large, when the respiratory movements are rapid and deep as 
during heavy work, but during rest it may be considerable. An 
example of a quantitative respiration curve with corrected curves for 
CO, and O, percentages is given in Fig. 7. 


2 


ea Corrected curves showing variations in CO, and 0, %, in the alveolar air 
in four work experiments. 


respiratory cycle under muscular work. In Fig. 5 the results of four 
more or less complete experiments made during muscular work have 
been summarized, while the numerical data are given in Tables II and 


III. We have a couple of ö observations, comprising . 
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samples, which, however, so far as they go, are in perfect agreement with 
those given in the tables. The figures in columns 3 and 4 of the tables 
have been corrected for the dead space in the manner described. The 


percentages corresponding to the beginning of the expiration and to 


the maximum, occurring when the volume of the dead space has been 
reinspired, have been obtained. by extrapolation in the curves Fig. 5. 
‘These curves show the variations of alveolar CO, and O, percentages 
during expiration. During inspiration the percentages must get back 


to the initial values, but as the form of the curve during this part 


of the respiratory cycle cannot be determined experimentally, we 
have simply drawn straight lines connecting the maximums with the 
initial percentages at the moments when the next inspiration should 


The average of each curve has been determined and also the average 
of the part ab. For the straight CO, curves this is done simply by 
averaging the corresponding figures but for the O, curves it has been 
necessary to measure the areas amc and abb, and to express the heights 
of rectangles with the same areas and on the same bases in terms of % 
oxygen, The average of each complete curve represents the average 
alveolar tension of the gas in question, and the average of ab is the 
alveolar expired air and should be equal to the corresponding percentage 
computed from the respiration experiment by means of Bohr's formula 
if the curves are correct and have been obtained from normal respira- 
tions, The figures given below show that the 188 is as good as 
can be desired: 


Alveolar expired air. 
From formula 5°26 5°05 6520 4°78 
Difference +008 +005 +012 Average +0°07%,. 


0,4 16°37 16°26 18°71 1422 
° (From formula 16°22 16:26 18°62 14-29 


Difference 015 -0-09 +0-07 Average 0.04 %.. 


These results confirm the general accuracy of the curves as drawn. 
The average alveolar tensions of CO, and O, as found from the 


curves are only slightly different from the percentages in the alveolar 


expired air. The difference is on an average + 0°15 °/, CO, and — 0°27 % 
O,, when the calculations are based on the curves alone +0°08 */, CO,. 
and + 0°23 °/, O, when they are based on the values for alveolar expired 


air, calculated by means of the formula. It must be borne in mind, 
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however, that not only is the maximum extrapolated, but the true form 
of the curve during inspiration is unknown. Too much reliance should 


not therefore be placed on the actual figures though the main result is 


undoubtedly correct: that the average alveolar CO, tension is only 
slightly higher and the O, tension slightly lower than the corresponding 
percentages for the alveolar expired air. : 

The variations in composition of the alveolar air during the respiratory 
cyole when the subject is at rest. To obtain a quantitative idea of the 


variations in question is much more difficult when the subject is at rest 


TABLE II. 
Eur 1. Exp. II. 


| beginning Vol. beginning 
q Inspired air 0°00 92:00 0°00 21°78 
a Beginning of expiration ... 4°42 17°32 0 0 4°26 17°22 0 0 
9g ist aut. sample. * eee 4°79 16°06 8 0°41 4°54 1694 7 0°48 
3 2nd aut. sample . 540 1614 21 124 523 615 19 1:18 
b sample 694 1520 84 206 S77 84 
3 Maximum of 00, .. 6832 1460 42 205 610 1468 41 2°25 
Alv.exp. rom curve 5°18 16°37 6 
4 fromresp.exp. 5°26 16°22 505 16°26 
Av. aly. tension from curve 5:37 16°22 5:18 15°97 
Taste IIL 
3 Exe. III. Exp, IV. 
11 1*ůW2V„W5 
Time from Time from 
4 Inspired air * 000 18°97 000 19°02 
3 Beginning of expiration... 430 14:75 0 859 1651 O0 0 
4 1st aut. sample... * £97 1898 18 0°05 3°98 16°17 9 0°72 
a Aud ant, sample 32 1°71 428 1487 13 1°10 
8rd aut. sample * — — — 486 1418 24 1-92 
3 bsample>, 609 12838 46 252 564 1942 40 28:12 | 
a Max. of OO * 620 12316 531 2°52 604 12038 48 8°12 | 
3 Alv. erb. air curve ... 5°15 18°71 4°61 14°22 
from resp. enp. 5°20 18°62 4°78 14°29 
H.-P. insp. sample 40'96 10 23 441 1505 14 2-95 
‘a H.-P. exp. sample .. 678 48 2°67 6°22 11:88 44 3°04 
+15 +0°88 +9 +0°40 
H.-P. average eee ees 5°88 5°32 13 44 
a Av. aly. tension fromeurve 65°25 13°51 481 18°85 


= = 
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than when he is doing work. One reason for this is that it is impossible 
to get a number of consecutive automatic samples from the comparatively 
shallow expirationg made during rest, though the respiration of J. L. is 
exceptionally deep and slow, and another is the relatively much greater 
variability of individual respirations making it impossible to obtain 
representative samples from one or two expirations. After a number 
of unsuccessful trials we finally succeeded in the following way (Fig. 6): 
during a number of expirations distributed over a time of five minutes 
we took one automatic sample at the level marked by the line, collected _ 

in small portions from each of the respirations marked on the signal 
line. From the same respirations ö samples were also drawn in 


the long expiratory pause three H.-P. expirations, taken at the end of 


this pause, were distributed over the same period during which the 


other samples were collected. The results of two such experiments are 


given in Table IV and one is reproduced in Fig. 7. It will be noticed 


that a very considerable extrapolation has been necessary to obtain the 
percentages of CO, and O, at the beginning of the expiration. It is 


evident that a reliable extrapolation cannot be made from the points 


determined, but as the figures abb, must have the same area as the 
rectangle aa,b,b,, the height of which is determined by the alveolar 
expired air, as fuund from the formula, the possibilities of extrapolation 
become much more limited, and we do not think that our curves can be 


far from the truth. If they are accepted it follows that during rest 


also the alveolar tensions of CO, and O, are only slightly different from 
the corresponding percentages in the alveolar expired air. The 
differences found in the two experiments are +012, + 0°12°/, CO, and 
— 0°26, 031% O, These figures are almost exactly the same as those 
found during work. When they can be applied to such very different 
types of respiration as those shown in Figs. 3 and 6, it may be concluded 
with some probability that their applicability is universal: that the 
average alveolar CO, tension is about 01 to 0°2°/, higher than the CO, 
28—2 
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Taste IV. 


8 1 
é Time from ve Time from vol. 
Inspired air 000 21°79 | 000 21-28 


Beginning of expiration... 4°90 1580 0 0 490 1520 O 0 
Aut. sample 592 1554 41 0˙44 6˙25 89 050 


b-sample „ 1488 108 1°06 5°39 14˙80 92 0°94 
. — 144 65.42 14˙89 141 | 
H.-P. II „ 5668 1451 148 5°54 14°37 158 
+18 | +12 
H.-P. III 672 14538 153 559. 1412 149 
+18 +12 
Max. ... ͥædwd 5°54 14510 179 | 
from curve ... 5°28 15°38 65.28 15°04 
Av. alv. tension from curve 5°38 15°10 1473 
* t 1 Li * 1 
— 
E 
1 
\ 
-4. 
12 
it 
a2 ain 


Fig. 7. Corrected curves showing variations in alveolar 00, and 03% during 
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percentage in she: alveolar expired air and ed corresponding 05 
percentage about 025 to 0:35 ½ lower’. 


We conclude from the experiments detailed above that the best 
and safest way to determine the composition of the alveolar air in 
almost all cases is to calculate it .by means of Bohr's formula from 
a determination of the composition of the expired air and the depth of 
the respiration, when the dead space of the subject has been accurately 
determined. What is obtained in this way is the alveolar expired air 
which can be used for all purposes except comparisons with the gases 
of the arterial blood. The average alveolar tensions are obtained from 
the alveolar expired air by applying a small correction of about + 0°15°/, 
CO, and 03% O,, but absolutely reliable figures for the alveolar 
tension cannot be obtained by any method so far discovered. | 
Our curves show that during work the alveolar CO, percentage 
increases very nearly in proportion to the time after the beginning 
of expiration. H.-P. samples taken at the very beginning and end of 
the expiration would therefore give the true average alveolar tension, 
so far as that can be obtained, but as they must unavoidably be taken 
later (about 0012 minute in the case of J. L.) a large systematic error 
comes in. During rest the increase in CO, percentage in the alveoli is 
not proportional to the time after the beginning of expiration, and the 
average of correct H.-P. inspiration and expiration samples is therefore 
not the true average tension. The difference cannot be considerable, 
however, and we believe that in persons with a shallow respiration the 
H.-P. method may frequently be used with advantage as. the variations 
in the composition of the alveolar air during the respiratory cycle must 
be small. There is a certain danger however that the respiration 
preceding the taking of a sample may be unconsciously but systemati- 
cally altered (usually shortened) by the subject and that may vitiate 
the results to a great extent. 
| The practice which has prevailed in Danish 3 of avers 
samples in small portions from the end of a number of normal expirations 
_ 4 When the pulmonary volumes are known our variation curves for O and CO, in the : 


alveoli can be used for determinations of the gas exchange between the blood and the 


alveolar air in three to four distinct periods during the expiration and during the inspira- 
tion. The results of such determinations, which also show approximately the variations 
in the blood stream through the lungs, will be published in the Biochemische Zeitschrift. 

2 It must be remembered, however, that when a person, who is not accustomed to it, 
is breathing through a mouthpiece his respiration is apt to be more or less influenced, 
especially at first. Most persons will in such circumstances ventilate too much, wash out 
CO, and reduce their alveolar CO, percentage below the normal level. A determination of 
the respiratory quotient will often show whether the respiration is natural or not. 
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obviates the accidental errors and gives, when the respiration is dees 


enough (at least three times the volume of the dead space), accurate 
values for. the composition of the alveolar air at the moment of sampling, 


but the difference between such a sample and the average alveolar air 


is generally unknown and may vary. 


When the results of the present series of experiments are applied to 


certain earlier investigations we find : 

1. That during licht or heavy muscular work the average alveolar 
00, tension of J. L. is practically the same as during rest, thus proving 
an increase in excitability of the centre corresponding to a certain extent 
to the amount of work. This is borne out by the figures in a recent 
paper by one of us' and the present series show the same when 
experiments made on the same day are compared. We found for 
instance in two rest experiments on the 19/8 5°00 and 5˙15 / CO, in 
the alveolar expired air and in a work experiment 498%. On the 


26/8 the corresponding figures were: rest, 499 and 5˙10 % ; work, 


5°26 and 505%/,. The averages for these experiments are rest 5°06°/, 
and work 5°10 "lo CO, 


Our figures in another paper* show a slight increase 3 work 


but are applicable to the first minutes only wheu a state of equilibrium 
was probably not yet obtained. 

2. The alveolar CO, tensions obtained by the H.-P. method during 
work both at sea level or in high mountains are much too high and the 


QO, tensions too low. This obviates to a great extent the difficulties 
in the way of assuming that the oxygen absorption is brought about by 


diffusion alone. 


3. While the experiments ot Cam pbell, Douglas, Haldane and 
Hobson’, purporting to show that oxygen has no influence upon the 


excitability of the respiratory centre, cannot. be accepted as conclusive, 
the quantitative estimation of this influence made by Lindhard and 
Hasselbalch‘ is not quite trustworthy, because only a samples have 
been compared while the average alveolar tensions have not been 


determined. A reinvestigation of this problem is therefore —" 


. and has been taken in hand at the Finsen Institute. 


1 Krogh. Sand. Arch. Physiol. xxx. * This Journal, xivn. p. 188. 1913. 
bid. XI vt. p. 801. 1918. 


bid. n. p. 887. 1911. Skand. Arch. Physiol. xxv. p. 861. 1911. 
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SuMMARY. 


1 Methods are described by which the variations in composition of the 
| Te alveolar air taking place during an expiration (and inspiration) can be 
| studied. 

During muscular work the increase in alveolar CO, f percentage is 
proportional to the time after the beginning of expiration but during 
rest it is most rapid at first and becomes gradually slower. : 
The difference between the percentages of CO, and O, im the 
alveolar expired air and their alveolar tensions is small and practically 
constant. 
is The alveolar expired air determined from the composition of the 

expired air, the depth of the respiration and the measured volume of 
the dead space by means of Bohr’s formula, furnishes both during rest 
and during work the most accurate expression for the average alveolar 
air obtainable. 

During muscular work the alveolar CO, percentage as determined 
by the Haldane-Priestley method i is much too high and the O, percentage 
too low. 
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THE EFFECT OF ADRENALIN ON THE GASEOUS 
METABOLISM OF THE ISOLATED MAMMALIAN 
HEART. By ©. LOVATT EVANS AND Dr ane 
OGAWA (Japan). 


(From the Institute of Physiology, University College, oo ) 


THE effect of adrenalin on the gaseous metabolism of the mammalian 
heart was referred to by Barcroft and Dixon who found that the 
oxygen consumption was much increased when adrenalin was given 
in such doses as to accelerate the heart. The effect of adrenalin on the 
oxygen usage of the heart was also the subject of an investigation by 
Rohde, in conjunction with one of us (S. O.@); it was shown, as a result 
of this work, that although the acceleration of the rate of the heart beat 
was accompanied by a large increase in the oxygen absorption, yet 
the oxygen usage per beat and per mm. of “pulse pressure under 
isometric conditions were not much if at all increased. 

In the present investigation, we have sought to find what were the 
effects of adrenalin on the respiratory quotients of the isolated heart. 
There were several reasons which made this information highly desirable, 
such, for example, as the relation of adrenalin to carbohydrate meta- 
bolism. It has been shown by one of us (E.) that when glucose 
is added to the circulating blood, the heart commences to utilise 
it and the respiratory quotient is raised accordingly; if, therefore, 
adrenalin plays the part of “mobilisation of carbohydrate of the tissues” 
which is often ascribed to it, then we should expect that the respiratory 
quotient would be raised by the addition of adrenalin. According to 
Wilenko the addition of adrenalin to the circulating blood or 
perfusion fluid did increase the utilisation of sugar, but Patterson and 
Starling attribute this increase to the largely increased work which 
the heart performs under these circumstances, and not to any specific 
effect of the adrenalin. According to other work of Wilenkow, 
adrenalin has little effect on the respiratory quotient in the intact 
animal, although in the presence of glucose the respiratory quotient is 
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lowered by previous administration of adrenalin. The inference from 
this was that adrenalin diminished the capacity of the organism to burn 
sugar. 
Fuchs and Rotho from experiments made on patients concluded 
that the effect of adrenalin was to raise the total respiratory exchange 
and the respiratory quotient, but since the experiments were made by 
the Zuntz method, and the adrenalin administration caused some 
respiratory disturbances, the results are not quite free from objection. 
H4riq@ also finds that adrenalin introduced intraperitoneally causes 
a rise of respiratory quotient due to diminution of oxygen intake which, 


he says, indicates that there is an increased consumption of carbohydrate. 


La Franca@ finds that adrenalin does not alter the respiratory quotient, 


although the total gaseous exchanges are raised. 


We have studied the effects of adrenalin on the gaseous interchanges 


of the isolated heart in two distinct ways, since it was expected that 


these might give different results. In one series of experiments we 
have added small amounts of adrenalin and observed the effect which 
these doses had upon the metabolism of the organ. In other series 
of experiments the adrenalin was added continuously to the blood, and 
a state of equilibrium, as judged by the a rate, was as far as — 


1. The of single doves of adrenalin 
‘Method. The heart-lung preparation was made by Starling’s 


; the apparatus being of the closed type figured by Starling and Evansao 


(Fig. 3), with the exception that we did not use the coronary cannula 
there depicted. The adrenalin solution was run in by means of 
a burette connected with a fine nozzle which passed through the bung 
by which the venous reservoir was closed in. The strength of the 
adrenalin stock solution from which the dilutions were subsequently 
made was determined by the colorimetric method described by Folin, 
Cannon and Denisa», and a dilution of this containing one part of 
adrenalin in 10,000 parts of normal saline solution was generally 
employed. After having taken the respiratory exchanges of the 
preparation for periods of about half an hour or an hour, the adrenalin 
sblution was added in small amount, usually about 1 c.c. of the 1: 10,000 
dilution. The volume of blood circulating in the apparatus was generally 
about 300 C. c., so that the concentration of the adrenalin in the circulating 
blood was thus about one part in three million. ele 
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Temp. 86-7 * C. Gaseous volumes not corrected for lung metabolism. . 
— 
— Rate ot Output Oy 
N 125 12˙4 129 216 176 8 Mean 17˙⁰ 
20 125 11°9 124 219 1653 75 = 17°6 
20 204 13°6 142 8309 289) Mean) ilc.c.adrenalin 213 
20 150 10˙3 10-7 191 91 48 825 1:10000at 179 
| 3 beginning 
20 162-200 108 11˙2 317 292 be Mean | |! Do. 28-3. 
22 177-200 97 10˙ 387 20 87) = 895) J Do. 333 
20 180 8˙¹ 84 249 ws 79 7 
10 185-223 — — 413 233 567 M Do. — 
11 177 — — 288 352 120 2.600 i — 
10 134 5˙5 57 266 224 88 45˙⁰ 


This experiment shows that the addition of adrenalin has a decided 
effect. on the total exchanges and on the respiratory quotient. The 
disturbance of the respiratory quotient is best seen in the last three 
periods which are of ten minutes duration only. It is there seen that 
the first effect is to increase the oxygen intake much more than the 
earbon dioxide output, so that the first quotient is very low indeed. In 
the next period, however, the CO, production has outstripped the oxygen 


intake, which has indeed fallen off by this time; the R. O. is accordingly - 


a high one. In the last period the CO, and O, are both less and the 
quotient has fallen to 88. The average of the three quotients for these 


last periods is 895 and represents the mean quotient during a period of 


31 minutes. It is seen to be identical with that obtained for periods 
5 and 6, which represents the quotients obtained over a period of 
41 minutes, during which two doses of adrenalin were given. In the 
last period, the action of the adrenalin cannot be considered to 
the pulse rate and the oxygen 

The mean of periods 3 to 7 is 775 which is identical with the mean 
for the first two normal periods. This mean represents the R.. during 
a period of 100 minutes, in which three doses of adrenalin were given, 
41 minutes being allowed to elapse between the administration of the 
last dose and the termination of the period. It is therefore clear that 
when a dose of adrenalin is given to the heart there are temporarily 
profound changes in the respiratory quotient, but the changes are such 
that the average quotient, representing the changes which ensue until the 
action of the drug has ceased, is not different from the normal one. 
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The following experiment is a similar one, and shows whe clearly 
the time relations of the oxygen intake and CO, 


Exp. 2. Dog. Heart 58°5 grams. One lung tied off. Temp. of ingoing blood 86° in 
all periods. Arterial pressure 100 mm. Hg. ee 


2 


Here again it is seen that the oxygen intake increases much more 
quickly than does the CO, production, but the mean R. O. in this case is 
almost the same as that for the normal periods preceding the addition 
of adrenalin. There seems little doubt then that the metabolism 
of the heart muscle is not changed qualitatively by the presence 
of small amounts of adrenalin. A mobilisation of the glycogen 
of the heart muscle, other than that which would occur under any 
other conditions which called for great N of the tissue, is not 
indicated. 
Experiments made in this laboratory have shown that the respiratory 
quotients of the hearts of diabetic animals are much lower than those 
of the normal heart. Yet it is clear from the above experiments that 
doses of adrenalin of the order of those here used do not result in any 
permanent lowering of the respiratory quotient. It follows from -this 
ji that whatever the cause of “adrenalin diabetes” may be, it cannot 
i be in any way connected with qualitative changes in the metabolism of 
5 the tissues, nor with a direct action of the adrenalin on them. 

With regard to the difference in the times at which the oxygen 
is taken up and the carbon dioxide formed in increased amount, there 
may be two causes for this interesting phenomenon. Thus, a simple 

a explanation would be that the oxygen can pass into the blood or to the 
1 ttissues much more readily than the carbon dioxide can pass in the 
reverse direction, owing to purely physical reasons. But this would be 
opposed to all previous experience, and, in fact, a simple calculation by 
the use of the formula of Loewy and Zuntzus will show that even 
under extreme conditions this explanation will not suffice. Let us 
assume that the difference in the partial pressures of oxygen in the 


Dura- er hour 
tion of Rateof Output ventile, Ce, 
period, heart of heart, 
No permis, ck RG Remarks. 
> 1 20 149 10°9 208 165 81 143 
2 20 48 107 189 199 164 ‘891 Mean 
3 20 145 10°3 18°4 202 159 ‘79, =°81 15˙0 
4 20 — — — 168 81 — 
̃ 5 10 236 10˙3 13-4 804 396 49 1 0.0. 1: 5000 600 
6 10 222 — — 568 546 90 Mean drenalinadded 
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alveolar air and in the venous blood (p- p.) is 35 mm., and that the 
corresponding difference in the case of the carbon dioxide is as little as 
2mm, The tension difference in the case of carbon dioxide would 
certainly be greater than this, if the oxygen difference were 35 mm., so 
that by making this assumption we are taking an extreme case, and 
giving the oxygen a great advantage over the carbon dioxide? in n 
our calculation. 


Then, according to the formula of Loewy and Zuntz: © 


put 

where a. is the absorption coefficient, 
m the molecular weight of the gas, 

ce the diffusion factor (which is 139 for the lung tissue), 
d the thickness of the alveolar membrane (004 mm.), 
and v the velocity of diffusion, i.e. the numberof e., ofthe gus which passes 1 oq. en. 
of the r in 1 minute, we have for the case of the oxygen, | 


024 x 85 x 139 


5760 580 x 004 0676, 


6 2x ‘189 
and for carbon dioxide it is 00627. | 


Since, Sins under these e e the carbon dioxide still has a 


decided advantage over the oxygen as regards their respective tendencies 
to diffusion, it is evident that if the carbon dioxide were present in 
the blood it would effect its exchange with the alveolar air more rapidly 
than the oxygen would. We are bound to conclude, therefore, that the 
oxygen passes into the tissues before the carbon dioxide leaves them, 
and this deduction provides us with an explanation of the phenomenon, 
which seems much more probable than the one which has just been con- 
sidered. Our hypothesis is that a definite interval of time elapses 
between the moment when oxygen is taken up by the tissues 
and the time when, the oxidative processes being completed, 
the, full quantum of carbon dioxide is yielded to the blood. 
And for this reason, if the oxidations in the tissue are increased in 

any way, as is the case here, without the metabolism being qualitatively 


70 this statement the objection may possibly be made that it has been shown that 
the blood leaving the lungs does not differ in tension of CO, from the ‘air in the alveoli 
by more than a small fraction of a millimetre.. We would point out, however, that these 
statements refer to arterial blood, and this fact affords perhaps a better proof than our 
_ calculation can do that the carbon dioxide passes out far more readily than the oxygen 

capillaries, which the oxygen does not. 
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altered, this interval, which is occupied with the processes of inter- 
mediary metabolism, will make itself apparent in the way we have 
seen. We think that it is necessary to lay great stress on the fact 
that in dealing with the respiratory quotients of isolated organs such 
as the heart, we are dealing with quantities which are in a state of 
dynamic equilibrium, the ratio between which may therefore be readily 
disturbed. This hypothesis seems to be quite a suitable one on which 
to explain the fact, previously observed by one of us (C. L. E.am) that 
if the total oxidations of the heart be increased in other ways, as 
for example by increasing the temperature or by raising the arterial . 
pressure, the respiratory quotient is temporarily lowered. 

The following experiment (3) shows essentially the same facts as those 
given above. The time relations of the oxygen intake and carbon 
dioxide production are not so clearly seen as in exps. 1 and 2, but it 
shows that there is no marked alteration of the respiratory quotient — 
after the addition of the adrenalin when sufficient time is allowed after 


the administration of the drug for a condition of equilibrium to be 


restored. 

When the S is under the influence of adrenalin, its power of 
abstracting the oxygen from the blood is well seen if an analysis of the 
blood gases be made. The results of some analyses made by Barcroft’s 
method are given in the following table, which shows the difference 
between arterial blood circulating in the apparatus and the venous 
blood drawn from the coronary sinus in normal hearts before and 8 95 
the addition of adrenalin. 


Exp. 8. Dog. Heart 37˙5 grams. One lung off. ene oe Temp. 
87° 0. | 


Dura- of left hour C. e. 
por kom. 
period mins. per min. I. per hr. per hr. c. c. c. c. R. Q. . Remarks of work 
1 80 122 144 150 184 168 88 123 
2 10 216 180. 188 452 . 268 350% 10.0. 1: 10000 24-0 
3 10 166 17% 178 256 284 92 Mean adrenalin 14˙4 
4 10 167 171 178 210 164 47 „„ 11°8 
5 20 160 156 161 156 184 86 97 
6 20 221 147 153 278 232 ‘88 05 6.0. do. 181 
7 20 172 11˙86 12,1 222 187 ‘62 18°3 

8 15-0 400 1 46 08 do. 26-7 
9 20 167 181 187 188 214 114 18-7 
10 184 56 8&8 122 191 1°56 21-0 
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| Percentages of owygen in arterial and venous bloud. 


15˙0 5˙3 
— 15˙0 93 57 Before adrenalin. 
80 187 
13% 4 mins, after 1c.c, of 1: 10000 
230 29 Before 
244 | 88 10 mins. after 1 ndrenalin. 
181 { Before adrenalin, 
238 12.7  5mins.afterlc.c.of 1: 10000 adrenalin. 
— Analyses by differential 
55 75 5 mins. after 1 b. 6. 1: 10000 adrenalin. 
120 39 Before adrenalin. 
207 


m | (41 12 mins. later. 


oxygen content of the arterial and venous blood is often increased four-fold, 
and that the blood of the coronary sinus frequently contains not more 
than one or two per cent. of oxygen, an amount which approaches 
closely to that which is present in asphyxial blood’. If we bear 


1 Although the blood of the coronary sinus shows such a deficit of oxygen as compared | 
with the arterial blood, this fact does not diminish the probability of our statement that 


the tension difference between the blood carried to the lungs and the alveolar air does not 
greatly exceed 35 mm. Hg. For, as shown by Starling and Evans) the blood flow 
through the coronary vessels is about 60 % of the weight of the heart per minute, and 


this rate of flow is not more than doubled after the addition of 1 c.c. of 1: 10,000 adrenalin — 


to 300 0.0. of blood. Now, in exp. 3 of this paper for example, about 246 ¢.c. of blood 
leaves the aorta per minute, while assuming that the coronary flow is of the above 
mentioned order, there would be 45 c.c. of blood passing along the coronary circuit per 


minute. The total output of the right ventricle would thus be 290 c.c. per minute. Of 


this 245 0.0. would consist of arterial blood containing, say, 18 % of oxygen, and 45 0. o. 
of it would be venous blood containing, suppose, only 1 °/, of oxygen. The mean oxygen 
content of this blood which was carried to the lung would therefore be 15-4 °/, which 
would represent 84 °/, of full saturation, and the oxygen tension which this would exert in 
the presence of normal tensions of carbon dioxide (say 40 mm.) would be about 60 mm. 
A tension difference of 85 mm. would thus prevail if the oxygen tension in the alveoli 
were about 95 mm., and tn view of the rapidity with which oxygen is being sbetracted 


| 18-2 1 min, after 1¢.c. 1: 10000 adrenalin. 
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in mind at the same time that the coronary flow is much increased 


under the influence of adrenalin, we shall see with what avidity 
the heart tissue takes up oxygen from the blood when adrenalin is 
present. 
The relation of adrenalin tothe metabolism of carbohydrate 
in the tissues. 
Patterson and Starling (loc. cit.) have shown that when hearts 


are treated with adrenalin, glucose disappears much more quickly from 


the circulating blood than it does in the case of normal hearts without 
such addition. Wilenko (loc. cit.) has obtained results which are in 
agreement with this, while Cruickshank«s finds that under these 
conditions the heart muscle may be almost depleted of its store of 
glycogen. Pattersonand Starling ascribe this increased consumption 
of glucose to the increased energy requirement of the heart, rather than 


to any specific effect of the drug on the power of the tissues to attack 


If we take into account the amount of glycogen which the heart 
loses under these conditions, it seems that the glucose consumptions as 
determined by Patterson and Starling were commonly increased from 
two or three times, or in those cases where the hearts were stimulated 
by the addition of larger amounts of adrenalin, even more than three 


times. 


Evidence has been advanced in a previous publication by one of us 
(Ea) to show that the isolated normal dog’s heart is capable of 


fully oxidising the glucose which it takes from the circulating blood. 


The fact that the respiratory quotient of the heart is vot altered by 
small doses of adrenalin indicates that the increased amount of glucose 
which is removed from the blood under these conditions is also fully 


_ oxidised. We have not given such large amounts of adrenalin in 


these experiments as were given by Patterson and Starling, but in 


eps. 2 and 4 the oxygen usage per kgm. of work at the height 


of the adrenalin action is nevertheless seen to be increased about four- 
fold, while in exps. 1 and 3 it is almost doubled. Similar relations 
quotients are not changed. | . 
In order to find whether adrenalin favoured or retarded the . 
carbohydrate when the latter was present in abundance in the blood, we 
added glucose to the blood in some cases, and then, after the respiratory 


| quotient had become steady (about an hour), adrenalin was added as in 
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the previous experiments. The results of these ene e are given 4 


in the following table. 
85 4. Dog. Heart 48°5 grams. Arterial pressure 88 mm. temp. 1540 0 
Work 
No. tionof Rate of — 
mins. I. per hr. —2 2 18 oO, R. Q. Remarks 
1 0 — 96 ti 180 116 89 Normal periods 5˙8 


2 80 143 99 184 116 102 88 1 gram glucose added 5˙1 
20 97 112 236 198 84 08 0.0, 1: 10000 adr. 106 


278 
Exe. 5. Dog. Heart 50-5 grams. Arterial pressure 50 mm. Hg. Temp. 36:5° C. 


1 6 164 102 40 166 152° 92 415 
88 186 171 92 1 gram glucose added 49.0 
8 60 197 99 89 235 208 89 0%, 1: 10000 adr. 60-0 
iven in four doses of 
| 20. o. 
Exr. 6. Dog. Heart 67 grams. Arterial pressure 55 mm. Temp. 86°5° C. 
1 6 154 120 87 202 177 88 : 23:2 
2 120 154 118 85 242 210 87 1 gram glucose 28˙5 
3 75 17% 108 $78 270 231 ‘86 06.06. 110000 adr. 34˙5 
in first half hour. 
Then 2 of pan 
creas 6x 


tn order to avoid the disturbing effect of large doses of adrenalin, we 
gave smaller doses in this case than in the previous experiments, and 
after the addition the respiratory quotients were taken for a fairly long 
period (20 mins. to one hour) in order to allow the effect to fully pass off, 


and for equilibrium to be re-established. The results of these experi- 


ments show that the quotient is not higher after the addition of the 
adrenalin, but rather a little lower. Any specific favouring effect of 
adrenalin seems therefore to be excluded, and the increased usage of 
carbohydrate which the heart shows on treatment with adrenalin is, as 


stated by Patterson and Starling, merely one aspect of a ‘general 
increase in catabolic activity. 


In these experiments we attempted to bring the gaseous 8 


of the heart in presence of adrenalin into a condition of equilibrium by 


continuously adding the adrenalin to the circulating blood in such 
amount as to keep the pulse rate at a constant high level. 


The results of such experiments are given in the table below (exps. 
7, 9) | 
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Exr. 7. Dog: Heart 50 grams. Arterial pressure 108 mm. Hg. Temp. 36° 0. : 
The rate of the heart was kept up to 240 per minute by the addition of adrenalin solution 


1:10,000 when necessary. 
column for Remarks.“ 


Dura- of left change per hr. C. c. 
No. tion ot Rate o Output ventricle, 
1 20 152 214 301 210 174 88 70 
2 20 25 14 Bl 447 17 3 le.c. adr. 1: 10000 14-9 
$ 0 20 187 441 888° 16 „ „ 
4 2 240 214 2801 444 3500 67 “25 „ 14˙8 
6 20 240 187 62 441 812 „ 168 
6 20 247 — — 458 892 86 75 „ 
7 © 20 187 262 3898 #888 „ 75 15˙0 
8 20 240 178 24,2 402 827 81 6 „ 11 16°7 
Exp. 8. Dog. Heart 68 grams. Arterial pressure 110 mm. Hg. — *: 
Smaller quantities of adrenalin were added than in the previous experiment. 
1 20 141 26 822 400 20 70)1 f 12˙5 
2 20 — — — 380 256 67 5 — 
8 20 214 — — 490 842 ‘695 100.0. adr. 1: 10000 — 
4 20 218 — — 680 472 “690 0°65 
5 20 236 — — 852 552 650 O65 „ „* E 
6 20 253 — — 3816 6385 780 05 „ 55 a 
Exp. 9. Dog. Heart 48 grams. Arterial pressure 110 mm. Hg. Temperature 
86° O. + 
1 20 198 2266 3866 268 #27 101 — 
2 20 240 280 868 482 822 75 o. adr. in Adoses 7˙2 
8 20 20 28˙7 888 546 401 756 F „ 
4 20 240 2246 16 „ „ „ 161 
35 20 25 i214 807 3298 466 ‘88 8 10 „ . 
6 2 200-207 21:4 30°7 438 458 1°04 No addition 143 
7 20 267 174 20 600 411 685 5 0.0. in 4 doses 24˙1 
sl 
9 20 267 — — 460 390 845] „ 8 „ 3 „ — 


It was expected that after a preliminary fall and complementary 


rise, the respiratory quotient would soon acquire a normal value, and 
that, as in the previous experiments, the mean value of the quotient 
during the adrenalin period would approximate closely to the normal 


one. This, however, was not the case, for although the normal quotient — 
was in some cases established during the adrenalin administration 
(exp. 7, periods 6 to 8 and exp. 8, periods 3 and 4) the compensatory 


rise was not seen in any case. The mean quotient was therefore 


lowered by adrenalin, except in the case of exp. 8, where it was low to 
begin with. In exp. 9 it is seen that the R. O. does rise again as soon 


as the administration of adrenalin i is discontinued (period 6), but that 
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when larger doses of adrenalin are given it falls still lower again 
(periods 7, 8 and 9). 
Me believe that the explanation of this effect is to be sought along 
the lines of the hypothesis already advanced, namely, that the oxidative 
reactions in the tissues require an appreciable time for their consum- 
mation. Let us suppose that we are taking the respiratory exchanges 
of an organ over a series of time intervals fi, fy, te, . t, all of equal 
duration. We will further suppose that ¢ is the time which the 
oxidative processes require for completion. Then oxygen taken up by 
the tissue during ti will be used in processes of intermediary metabolism 
during that interval and the carbon dioxide which results from the 
oxidative processes will be liberated during the next interval ta; simi- 
larly during t, oxygen is taken in which yields carbon dioxide during t., 
and 80 on. 

Let us suppose that the tissue is in equilibrium, and that æ d. of 
| oxygen are taken in during time ¢ and y c.c. of carbon dioxide produced. 
The respiratory quotient is %% . If now the oxidative reactions are 


doubled, during the first interval of time, 25 Cc. of oxygen will be taken 


up, but as yet only c.. of carbon dioxide will be formed and the 
respiratory quotient will be lowered (/ ). In the following period 
the carbon dioxide will also be doubled and the RO. restored to what it 
was before (2y/2x). At this level the quotient will remain until there 
is a further quantitative change in the total oxidations. Suppose that 
these return to normal again. Then in the first interval after the 
return there will be only & C. c. of oxygen intake, but 2yc.c. of carbon 
dioxide production, i. e. the compensatory rise will now appear (R. O. = 2%). 


In the succeeding periods the carbon dioxide and also the respiratory 


quotient will be restored to normal (/). 

Another explanation of the phenomenon which might be advanced 
is that some of the energy-yielding constituents are not fully oxidised, 
or that there is an increased oxidation of fat, but these explanations do 


not agree so well as the one suggested above with the Spores in 


which single doses of adrenalin are given. 


4. The relation between the amount of owygen used 
: and the pulse rate. | 

The experiments detailed above furnish us with data 88 to the 
amounts of oxygen used by the heart for each beat under normal condi- 
tions and also under the influence of adrenalin. According to the work 
of Rohde and — (loc. cit.), the volume of oxygen per beat and 
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per mm. of increase of endocardiac pressure (under isometric conditions) 


is constant whether the heart be treated with adrenalin or not. Evans un 
has shown that in the somewhat similar case of acceleration of the heart 
by rise of temperature, the arterial pressure remaining constant, the 
oxygen requirement per beat under the normal conditions of contrac- 
tion is unaltered. 

These independent statements appear to be so similar in significance 
that we have calculated the oxygen usage per gram of heart per beat 
and per mm. of arterial pressure! in the present series of experiments, 
in order to ascertain to what extent the results of Rohde and Ogawa 
with the isometrically contracting heart are in agreement with ours in 
which the mechanical conditions of the contraction approach nearly to 
the normal. 

The calculations are given in the table on p. 458. 

In exps. 1, 5 and 6, and in some of the periods of exp. 9 the 
amounts of oxygen taken up after the administration of adrenalin are 


_ sufficiently near to those observed before the drug was given to justify 


the conclusion that the amounts are essentially the same. But in the 
other experiments there is such a great alteration of oxygen usage after 


adrenalin that the relation cannot be considered to hold at all. In 
these cases there was often first an increase and then a diminution in 


the amount of oxygen used. 
It seems therefore, that in the heart when contracting in the normal 
manner and at constant arterial pressure, the oxygen usage before and 


after adrenalin is only in some cases, and then only approximately, pro- 


portional to the rate at which the heart is beating at the time. 3 
The difference between these results and those of Rohde and Ogawa 

is no doubt to be explained as due to the different conditions of experi- 

ment. The tension changes set up in the heart muscle, and on which 


no doubt the metabolism largely depends, could be better appreciated 


in the conditions which obtained in their experiments than in ours. 


1 According to some experiments which we made, the arterial pressure is the chief 
factor which determines the endocardiac pressure in the left ventricle. Since in our 


experiments the diastolic endocardiac pressure is near to zero, the increase of endocardiac 


above is determined by the arterial pressure. 
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— 
— — 4 and per mm. of 
1 1 565 0 5 Gi 1116 0 
N 2 565 0 2 1800 0 
487 8 1810 
6 1 3590 0 
6 570 + 
7 8584 
8 655 + 1 1 425 0 
9 517 6638 
10 617 1 3 568 + 
4 570 +. 
2 1 405 0 5 566 + 
2 380 0 6 568 - = 
7 620 8 1 682 
3 550 
5 1 8⁴⁰ 0 4 750 + 
8 848 6 174 
4 698 
5 578 9 1 662 0 
596 + 2 570 + 
7 715 3 715 + 
+ 4. + 
626 5 710 + 
10 3 6 6756 
4 * 318 0 x 660 + 
5 8 887 + 9 548 + 
CoNCLUSIONS. 


(I) Adrenalin greatly i increases the total gaseous exchanges of the 
heart, The increase in oxygen usage is _ proportional to the 
increase in the pulse rate. 

(2 When a single dose of eee is given, the oxygen intake 
attains a maximum during the next few minutes. The carbon dioxide 
output, however, reaches its maximum some time later, when the oxygen 
intake has begun to diminish again. The result of these relations 
between the oxygen and carbon dioxide is that the respiratory quotient 
is first lowered and _ raised, aftér which it returns slowly to 
normal. 
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(3) The explanation which is offered for this fact is that a definite 
time is required for the chemical reactions which occur in the intermediary 
stages of the oxidations, so that if these oxidations be quantitatively 
altered, the amount of oxygen alters promptly, while the carbon dioxide 
more slowly attains its new level. : 

(4) If the mean respiratory quotient be taken for a considerable 


time after the addition of a single dose of adrenalin, it is found to be 


identical with that of the heart before the addition was made. : 

(5) Adrenalin neither increases nor diminishes the power of the 
tissues to utilise carbohydrate, The observed increases in carbohydrate 
consumption are due to a generalised increase of catabolic activity, and 


not to any specific effect of the drug on carbohydrate, as distinct from 


other metabolism. 
(6) When adrenalin is continually added to the . blood, 


in such amount as to maintain the pulse-rate at a constant high level, 


the respiratory quotient soon becomes constant. But the mean quotient 
during the addition is then lower than that of the normal heart previous 
to the addition of adrenalin. It is pointed out that this is really a 
confirmation of the statement given above (3) that the oxidative pro- 
cesses are not instantaneous, but require an appreciable time for their 


completion. 


The expenses of this investigation have been in part defrayed out of 1 
one of us (O. L. E.) by the Government Grants Committee of the Royal Society. 


REFERENCES. 


a) Bareroft and Dixon. This Journal, xxxv. p. 182. 1010 
(2) Rohde and Ogawa. Arch. f. exp. Path. u. Pharm. ux. p. 200. 1912. 
(8) Wilenko. Zntrbl. f. Physiol. XVI. p. 1059. 1912. 
(4) Patterson and Starling. This Journal, XIV. p. 137. 1913. 
(5) Wilenko. Biochem. Ztschr. xii. p. 44. 1912. 
(6) Fuchs and Roth. Ztschr. f. exp. Path. u. Ther. x. p. 187. 1912. 
(7) Häri. Biochem. Ztschr. XxXXVIII. p. 28. 1912. 
(8) La Frans. Ztschr. f. exp. Path. u. Ther. v1. p. 1. 1909. 
(9) Knowlton and Starling. This Journal, XIxv. p. 206. 1912. 


' (10) Starling and Evans. Ibid. IVI. p. 418. 1913. 


(11) Folin, Cannon and Denis. Journ. Biol, Chem. xu. p. 477. 1913. | 
' (12) Loewy and Zunt quoted by Loewy in Oppenheimer’s Hdb. d. Biochem. 1v. i. 
p. 104. 1911. : ; 


' (18) Evans. This Journal, v. p. 218. 1912. 


(14) Cruickshank. This Journal, vn. p. 1. 1913. 8 
(15) Evans. Ibid. vn. p. 407. 1014. i 


72 
* 
2 
ay 3 
By 
2 
1 * 
8 
— 
a 
. 
. 
8 
1 
2 
> 
a 
7 
5 
a 
* 
3 
* 
* 
2 
Z 
j 
* 
7 
4 
wig 
ay 
3 


THE ALL-OR-NONE PRINCIPLE IN NERVE. _ 
By E. D. ADRIAN, Fellow of Trinity College, Cambridge. 


Crom the Physiological Laboratory, Cambridge.) 


In an earlier paper I have brought forward evidence in 8 of the 
view that the size of the propagated disturbance at any point in a 
nerve fibre depends only on the local condition of the fibre at that 
point and not on the previous history of the disturbance before it 
arrived there. If this view is correct, it follows that the size of the 
propagated disturbance cannot depend upon the strength of the 
stimulus, provided only that the disturbance is measured at a point 
where the local conditions are not affected by an alteration in the 
strength of the stimulus. That is to say, there must be an all-or-none 
relation between stimulus and propagated disturbance. On the other 
hand if an increase in the strength of the stimulus causes the slightest 
variation in the size of the propagated disturbance then it is clear that 
the size of the disturbance cannot depend upon local conditions only, 
and the experiments which seem to support this view must be explained 
in some other way. | 

As a matter of fact there is a great deal of evidence which favours 
the all-or-none relation between stimulus and disturbance. This 
evidence is based on an experiment which has been known for many 
years. A muscle nerve preparation is set up so that the nerve passes 
through a narcotising chamber. The central end of the nerve lies out- 
side the chamber and may be stimulated. When the length of nerve 
in the chamber is narcotised gradually, the stimulus which is just 
effective before the narcosis, is effective until the moment when the 

block to conduction is complete. At no stage in the process can a 
_ stronger stimulus affect the muscle when the normal threshold stimulus 
cannot. Originally this fact was considered to show that the “ conduc- 
tivity” of the nerve was unaltered by the narcotic until the moment 
when it was suspended altogether. This interpretation is justifiable if 


This Journal, xiv. p. 889. 1912, 
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“conductivity” means no more than a quantity inversely proportional 
to the strength of the stimulus needed to affect the muscle. But the 
conductivity of a nerve is generally taken as proportional to its ability 
to conduct, and therefore as inversely proportional to the least size of 
disturbance which can travel down it without extinction. If conduc- 


_ tivity has this meaning, it is clear that to measure it in terms of the 


strength of stimulus necessary to affect the muscle involves the assump- 
tion that the size of the propagated disturbance must vary directly 
with the strength of the stimulus. As a matter of fact the work of 
Werigo', Fröhlich and Boruttau*, Wedensky* and others has 
shown that the narcotic affects the conductivity of the nerve long 
before central stimuli became ineffective. The change in conductivity 
is gradual and does not correspond in any way to the sudden failure of 
all strengths of stimuli. Evidently a gradual fall of conductivity is 

quite incompatible with this sudden failure of all stimuli, if the size of 
the propagated disturbance does depend on the strength of the stimulus. 
If this were the case there would certainly be a period. during which 
the strength of stimulus would have to be increased above the normal 
value in order to set up a disturbance large enough to avoid extinction, 

and so the least strength of an effective central stimulus would rise 
gradually as the conductivity fell. Thus the fact that the threshold 
strength does not vary until the moment when all stimuli became 
ineffective can point to one conclusion only, the conclusion that there 
is an all-or-none relation between the stimulus and the propagated 
disturbance. The sudden failure of all strengths of stimuli must be 
due, not to a sudden drop in the conductivity from its normal value to 
nil, but to the fact that stimuli of all strengths set up only one size of 
propagated disturbance. As soon as a disturbance of this size fails to 
pass the narcotised region, the block to conduction is complete, because 
an increase in the strength of the stimulus cannot bring about any 
corresponding increase in the propagated disturbance. 

This argument was put forward three years ago by Symes 
and Veley“ and later by Veszi“, Verworn' and Lodholtz’. It rests 
on the single assumption that the size of the propagated disturbance 
is proportional to its ability to pass the narcotised region. This 


1 Arch. f. d. ges. Physiol. LXXVI. p. 552. 1899. 

2 tach. F. aligm. Physiol. . p. 148. 1904; ibid. w. p. 153. 1905. 
o Arch. f. d. gea. Physiol. XXVII. p. 184. 1900. 

Proc. Roy. Soc. B. XIII. p. 481. 1910. 

5 Ztsch. f. allgm. Physiol. x1. p. 321. 1912. | 
„ Ibid. Av. p. 277. 1918. 7 Ibid, xv. p. 269. 1918. 
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assumption has been discussed elsewhere! and it has been pointed out 
that it is little more than a question of definition, since the ability of 
the disturbance to propagate itself is its most fundamental property. 


However the chief difficulty lies not so much in the foregoing argument, 


as in the experimental evidence on which it is based. The experiment 
consists in measuring the strength of effective stimuli during the 
narcosis of a length of nerve between the stimulating electrodes and 
the muscle. Measurements of the kind have been made by Piotrowski’ 
Werigo (Rajmist*), Fröhlich“, Ishikawa’ and others, and in many 


cases it is quite true that the threshold for * stimuli does not rise 


8 


Distance 


3 


* 
200 —— 


. 10 15 
Time from Beginning of Narcosis (Minutes) 
Fig. 1. 


until conduction fails. However in an appreciable number of these 
experiments the threshold does rise; stimuli which are just effective 
before the narcosis become ineffective at a time when stronger stimuli 
still reach the muscle. The threshold strength may rise gradually 
throughout the narcosis or it may rise suddenly, a very short time 
before conduction fails altogether. Fig. 1 shows two out of the large 
number of published experiments which give this result. The upper 
curve A is from an experiment of Fréhlich’s* and the lower B from 


1 This Journal, XI VI. p. 406. 19138. * Arch. f. Anat. u. Physiol. p. 205. 1893, 
3 Arch. f. d. ges. Physiol. uxxvt. p. 562. 1899. 

* Ztsch. f. allgm. Physiol. m. pp. 75, 181, 148. 1904. 

5 Ibid. XIII. p. 227. 1912. * Ibid, ux. p. 167, Tab. VIII. 4. 1904. 
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one of Werigo’s (Rajmist'). Abscisse represent minutes after the 


application of the narcotic (Fröhlich used ether and Raj mist alcohol 
vapour) and ordinates give the coil distance at which a stimulus central 
to the narcotic area is just able to affect the muscle. In both cases the 
curve falls suddenly when the block to conduction is complete, but the 

coil distance has to be reduced to some extent before the sudden fall 
occurs. Are we to conclude that in these cases the all-or-none relation 
between stimulus and disturbance does not obtain, although it does in 
the majority of muscle nerve preparations ? 

This conclusion is certainly not inevitable. In the first place the 
gradual rise in the strength of the threshold stimulus might be due to 
an alteration in the local excitability of the nerve. Lucas“ has shown 
that a stimulus acting on nervous or muscular tissue sets up the 
propagated disturbance not directly, but by the mediation of a local 
disturbance different in kind from that which is propagated. The 
propagated disturbance is not started until the local excitatory dis- 
turbance has reached a certain intensity, and so the condition of the 
tissue immediately under the electrodes may determine what strength 
of stimulus will give rise to a local excitatory disturbance large enough 
to set a propagated disturbance in motion. Thus an increase in the 


threshold stimulus might be due to an increased local resistance to the 


setting up of a propagated disturbance and not to the necessity for 
setting up a propagated disturbance of greater size. It is true that, 
in the experiment described, the excitability of the nerve under the 
electrodes. must remain approximately constant, for it is not likely to 
be affected by the narcosis of another part of the nerve. However it is 
a difficult matter to avoid small alterations of excitability, and the 
gradual changes in the strength of the threshold stimulus are certainly 
no greater than the changes which may be found in a nerve not acted 
upon by any narcotic. | 

This point has been proved 8 by the experiments of 
Lodholt z' He has taken great precautions to prevent any change 
in the condition of the nerve central to the narcotising chamber, and 
under these circumstances he finds that the threshold stimulus never 
rises gradually during the narcosis. Thus the gradual change never 
appears when the local excitability of the nerve under the electrodes 1s 
kept constant, although it may appear when the local excitability is not 
so well controlled. There can be no doubt, therefore, that the effect i is 


1 Arch. f. d. ges. Physiol. txxvt. p. 567, No. 5. 1899. 
Proc. Roy. Soc. B. uxxxv. p. 501. 1912. — * Loe, eit. 
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due simply to uncontrolled variations in the local excitability of the 
nerve. | 

This explanation accounts well enough for the gradual changes of 
threshold which sometimes appear during the narcosis, but it does not 
account for the sudden increase in the threshold often observed just 
before the failure of conduction (cf. Fig. 1, A). It is extremely 
improbable that this sudden change, occurring always at the same stage 
in the experiment, could be due to nothing more than a change in the 


local excitability: That it cannot possibly be due to this is shown by : 


Lodholtz’s experiments, for the effect in question was quite unaffected 
by the careful controt of the excitability. Evidently some other 


| Fig. 2. 
explanation must be found if we are to avoid the conclusion that some 
nerves do not obey the all-or-none principle. 


A probable explanation has been suggested by Lodholtz He | 


points out that the threshold stimulus excites only the most excitable 


fibres of the nerve and does not affect the rest. If it should happen 


that conduction failed sooner in these than in the fibres which were 
less excitable, it would follow that a stimulus strong enough to affect 


the less excitable fibres would still produce a contraction in the muscle, 


although the original threshold stimulus would be unable to do so. 
Thus the increase in the threshold would be due simply to the premature 
failure of conduction in the most excitable fibres and not to a change of 
excitability in any one fibre. 
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This explanation is not only probable, but as it turns out it is also 
true. However Lodholtz contents himself with pointing out that the 
sudden increase in the strength of effective stimuli just before the 
conduction fails is of the same order of magnitude as the increase 
necessary to convert a mininial stimulus (which excites a few fibres 
only) into a maximal (which excites all the fibres). Apart from this 
he makes no mention of any attempt to test his suggestion. Yet the 
point is of no little importance, for if his explanation is correct then we 
may say definitely that the nerve fibre obeys the all-or-none principle. 
If it is not correct, then the relation between stimulus and disturbance — 
is still a matter of some doubt. The fact that the explanation seems 
highly probable does not make it any the less worthy of proof, and on 
the whole it must be admitted that Lodholtz’s paper leaves the question : 
still unsettled. 

The experiments described in the following pages were arranged to 


test the validity of this explanation. Five of them were carried out 
a year and a half ago, and the remainder after e bad — 


his paper. 

If Lodholtz’ suggestion iscorrect itfollows that the threshold strength 
can never rise to a greater value than that required to excite the least 
excitable fibres of the nerve. Assuming that the condition of the nerve 
at the electrodes has not changed during the narcosis, the strength will 
be the least which was required to give a maximal twitch in the normal 
preparation. Such a stimulus excites every fibre in connection with 
the muscle and therefore it excites the least as well as the most 
excitable. Consequently the explanation may be tested by comparing 
the rise of threshold strength at the end of the narcosis with the strength 
of stimulus necessary to elicit a maximal contraction. 

Nineteen experiments of this type have been carried out. The 
sciatic-gastrocnemius preparation was placed in an ebonite trough, the 


nerve passing through a narcotising chamber 20 mm. in length (V, Fig. 2). 


The stimulating electrodes on the central side of the narcotising chamber 
were of the fluid type recently devised by Keith Lucas’. The nerve 
passes through four holes } inch in diameter, connected by narrow slots. 
The holes are closed above by a glass plate and Ringer's fluid can be 
perfused through the system by means of the tubes A and B. A small 
— platinum wire, P, is fastened against the side of each hole and 
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connected to a copper wire which passes to the exterior. If two ad- 

jadent rings are connected with an induction coil, the current will be 
able to pass from one to the other through the Ringer’s fluid by way of 
the slot. The current density will increase suddenly in the neighbour- 
hood of the slot, and the nerve will be stimulated at the point where the 
current leaves the slot and spreads into the surrounding fluid. The 
advantage of this type of electrode for the present experiment is that 


the nerve is completely surrounded by Ringer's fluid and therefore the 


local excitability is not likely to vary from such causes as drying or the 
formation of drops of liquid on the nerve. The four holes are not 
absolutely necessary, but it is convenient to have some means of testing 
the excitability of the nerve at more than one point, and in the chamber 
described the nerve can be stimulated at three points (marked I, II, and 
III in the figure). 

The contractions of the muscle were recorded by an isometric lever, 
and the stimuli were break induction shocks from a coreless coil, the 
primary circuit being broken by means of a Lucas pendulum. The 
nerve was narcotised by 5-6 °/, alcohol dissolved in Ringer’s fluid. The 
exact strength used depended on the temperature, but it was adjusted 
so as to suspend conduction in from 25 to 35 minutes, Leakage of the 
alcohol into the adjacent chambers was prevented by vaseline plugs 
filling the slots through which the nerve entered and left the narcotising 

chamber. 
In the earlier experiments records were made of (a) the least 
strength of stimulus required to give a minimal contraction, (b) the least 
strength required to give a maximal contraction, and (c) the height of 
the maximal contraction recorded on a stationary drum. Stimuli were 
sent in at intervals of 20 seconds from five or ten minutes before the 


beginning of the narcosis until after the complete failure of conduction. 


The threshold strength never varied by more than 8°/, until three or 
four minutes before the failure of conduction. As a rule the variation 
was less than this. Typical records are shown in Figs. 3 and 4. 
Ordinates represent current strength expressed as percentages of the 
value required for a minimal contraction at the beginning of the 
narcosis. The upper continuous line marked maximal shows the 
strength necessary for a maximal contraction and the lower dotted line 
marked “minimal” shows the strength necessary for the smallest 
contraction which could be observed. The vertical arrow at the ends of 
these curves records the complete failure of conduction ; a stimulus ten 
or twenty seconds later failed to produce any contraction in the muscle 


* 
2 
N, 
7 
4 
E. 
* 
* 
a 
* 
a 
AY 
* 
/ 
Be 


ALL-OR-NONE PRINCIPLE. 467 


although it was fifteen times as strong as the threshold stimulus: The 
lines rising vertically from the time axis give the heights of the maximal 
contractions at different stages of narcosis. 

These two figures show quite clearly that the final increase of the 
effective current strength is due to nothing more than the early failure 
of the most excitable fibres. In both cases the minimal current strength 
must be increased just before the failure of conduction; in Fig. 3 it 
must be increased by 12%, and in Fig. 4 by 56%. In neither case 
however is there any increase in the strength of current required 


200 
3 
8 
Maximal Contraction 


Fig. 3. 


34% and eventually coincides with the minimal strength (as the con- 


tractions are by this time so small that it is impossible to distinguish 

a minimal from a maximal contraction). In Fig. 4 the maximal 
strength remains constant until the conduction has failed completely. 
These results are exactly what one might expect on the assumption 
that each fibre obeys the all-or-none principle and that fibres of different 
excitabilities may cease to conduct at slightly different times. If this 
were the case the final value of the current strength required to affect 
the muscle should never lie outside the values required for maximal 
and minimal contractions before the narcosis, The final value might 


; 
é 
* * 
72 
xs 
4 2 
+ 
3 
* 
a 
J 
— 
— 
* 
3 
wy 
a 
4 
» 
* 
2 
— 
5, 
7 * 
* 
* 


408 F. D. ADRIAN, 
lie anywhere between these limits and its exact position will depend 
simply on the excitability of the fibre which happens to resist the 
narcotic for the longest time. This result has been found in all the 
19 experiments. In three cases the final current strength was equal 
to the original maximal value (as in Fig. 4) and in four it was equal to 
the minimal. In the remainder it occupied an intermediate position as 
in Fig, 3. 
Ifa change in the maximal or minimal current strength corresponds 
to a reduction in the number of nerve fibres in action, we should expect 
it to be accompanied by a reduction in the height of the maximal 


contraction. This effect is shown in Figs. 3 and 4 and in all the other 
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Fig. 4. 7 
experiments, It is to be noted that the contraction does not still 
remain at its normal height at a time when the current strength has 
begun to change, As long as the contraction is still unreduced none 


of the nerve fibres can have ceased to conduct, and therefore if an 


alteration in the threshold were observed at this time it could not have 
been due to the failure of some of the fibres. Such an alteration was 
never found in any experiment. | : 

It remains to be seen if these results can be explained adequately on 
the assumption that the nerve fibre does not obey the all-or-none 


relation, and that an increase in the stimulus does produce an increase 


t Pe 2 
te 
* — “ 
“) 
ian 
5 
ry 
4 
ow 
‘ 
* 
.* 
* 
2 
« 
5 
17 
Exe 
2 
* 
* 
— 
4 
‘e 
* 
K 
* 
a 


— 


ALL-OR-NONE PRINOIPLE. 469 


in the size of the propagated disturbance. If this were the case one 


would expect to find a stage in which in any single fibre a strong 
stimulus would set up a disturbance large enough to reach the muscle, 
although the stimulus which was originally just strong enough would set 
up a disturbance too small to pass the region of decrement. Thus for 
each fibre there would be a stage in which the least effective stimulus 
would have to be increased in strength in order to set up a disturbance 


capable of reaching the muscle. This would apply to the least as well 


as to the most excitable fibres of the nerve, and therefore there should 
be an increase in the strength of stimulus required for a maximal as 
well as for a minimal contraction. But as we have seen, the strength 
required for a maximal contraction never rises until the moment when 
conduction fails altogether. There is one possibility which might 


account for this result, It is just conceivable that in these particular 


experiments the conductivity fell so rapidly that it had been reduced 


from its normal value to zero during the twenty seconds which 


intervened between two successive stimuli. In some cases the interval 
was smaller than this and the change of conductivity must have taken 
place in less than ten seconds. This is extremely unlikely, for as a rule 
alcohol affects the conductivity of a nerve quite gradually. However it 
isa simple matter to find out if the conductivity of the nerve has or has 
not altered before the last few seconds. Lucas’ has shown that alcohol 
has no effect on the rate of recovery of a nerve from a previous 


_ disturbance ; consequently any lengthening of the interval for muscular 


summation must be due to impaired conduction. As the decrement 
becomes greater, disturbances set up in the early stages of recovery are 
too small to pass the narcotised region without extinction, and so the 


interval between two stimuli must be increased if both are to affect the 
muscle. So in the present case if it is found that the interval for 


muscular summation has risen considerably before the failure of conduc- 
tion, it is clear that the nerve must be conducting with a decrement at 
this time, and therefore the changes of een cannot all take 
place within the last few seconds. : 

In five of the nineteen experiments the interval for muscular 
summation was measured at intervals of about five minutes throughout 
the narcosis. The stimuli used for measuring the interval were sent in 
by electrode I (Fig. 2) and those used for measuring the threshold were 
sent in by II or IIT in order to avoid the possible effects of strong stimuli 
on the excitability. In every case it was found that the interval for 


1 This Journal, Xvi. p. 470. 1918. 
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muscular summation started to rise after the first eight or nine minutes 
and continued rising steadily until the conductivity failed. Figs. 5 and 
6 show records in which this measurement is combined with that of the 
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current strengths for maximal and minimal contractions. It will be 
seen that the interval for muscular summation starts rising long before 


conduction fails in any of the fibres of the nerve. Evidently the con- 
ductivity of the nerve falls gradually, and not suddenly during the last 


twenty or ten seconds. 


This is shown even more clearly in three 1 experimasita i in 


which the conduction was suspended by treating 20 mm. of the nerve 
with distilled water instead of alcohol solution. The process took about 


an hour at 165°C. The interval for muscular summation began to 


rise after the first 15 minutes but there was no sign of any increase in 
the strength of stimulus required to produce a maximal contraction 
until the conduction had failed altogether. In these experiments the 
changes are more gradual than they are in the alcohol experiments and 
therefore an alteration in the effective current strength would be less 


likely to escape notice. 


Clearly these results are quite incompatible with the view that the 
propagated disturbance varies in size with the strength of the stimulus, 
and we must conclude that the size of the disturbance is independent 
of the strength of the stimulus, ¢. that in each nerve fibre the all- or- 
none — holds good. 


SUMMARY. 


When a nerve is narcotised locally and stimulated at a point central 
to the narcotised area, the strength of stimulus necessary to affect the 
muscle does not rise gradually, but remains approximately constant 
until conduction fails. This indicates, as Symes and Veley, Verworn 
and others have pointed out, that the ability of the propagated dis- 
turbance to pass a region of decrement does not depend upon the 


strength of the stimulus which sets it up. In other words there would 


seem to be an all-or-none relation between the strength of the stimulus 
and the size of the disturbance in each nerve fibre. However the 
experiment is not always satisfactory. Sometimes there may be a 
small rise in the strength of the threshold stimulus occurring suddenly. 


just before the failure of conduction, and sometimes there may be a 
small gradual rise throughout the narcosis, Lodholtz has shown that 


the latter is due to a local fall of excitability in the nerve under the 
electrodes, and he has suggested that the sudden rise may be due to 
the premature failure of the most excitable fibres of the nerve. Experi- 


ments prove that this is the true explanation, for the strength of 


stimulus required to give a maximal contraction never rises, although 
PH. XLVII. 30 
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the strength for minimal contractions may do so. It follows that the 
effective strength of stimulus for any one nerve fibre remains absolutely 
unchanged until the moment when conduction in that fibre is com- 
pletely suspended. This result is independent of the total duration of 
the narcosis and it can be shown that the nerve is conducting imperfectly 
long before the moment of complete failure. 


We must conclude that in any nerve fibre under normal conditions 


there is an all-or-none relation between the strength of the stimulus 


and the size of the propagated disturbance which follows it. This 
agrees with the fact that the size of the disturbance at any point in a 
normal fibre depends only upon the local condition of that point and 


not upon the —— we of the disturbance. 


A suggested explanation of the all- or- none relation between 
the stimulus and the propagated disturbance. | 
The statement that a nerve fibre obeys the all-or-none principle i is 
open to more than one interpretation. It might mean that the size of 
the propagated disturbance at any point was (a) independent of the 
strength of the stimulus which set it up, or (b) that it was invariable, 


or at least dependent on the local conditions only, and not on the past 


history of the disturbance in its course down the nerve. If (ö) is true, 
then (a) must be true also. Previous experiments! showed that (b) was 
probably true, and therefore it was necessary to investigate (a). Thus 

_the relation between stimulus and disturbance was a point to be decided, 
and it is satisfactory to find that it is an all-or-none relation. 

The experiments in this paper serve to confirm the view that the 
size of the disturbance is invariable, because they show that at any rate 
it does not vary with the strength of the stimulus. But there are 
many other conditions under which it might vary. The setting up of a 
propagated disturbance by an external stimulus may involve entirely 
different processes to those concerned in the propagation of the dis- 
turbance from one section to another; thus it is quite conceivable 
that a fibre might- be able to conduct disturbances of different sizes 
provided that the differences were brought about in the course of con- 
duction (¢g. by passage through a region of decrement), although the 
Process of excitation would not admit of the setting up of more anche one 

size * disturbance by an external stimulus. 


1 This Journal, 2 uu. p. 889. 1912. 
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For this reason it may be doubted whether the existence of an all- 
or- none relation between stimulus and disturbance, taken by itself, is as 
important as Verworn and Lodholtz seem tosuggest. Whatever its 
explanation may be, it tells us nothing about the nature of the propa- 
gated disturbance, the mechanism of conduction, etc. As a matter of 
fact, the relation might be explained very simply and without the intro- 


_ duction of any new hypothesis by considering two well-known facts, 
namely that a propagated disturbance is preceded by a local excitatory 


disturbance, and that it is accompanied by a refractory period. The 
argument may be stated as follows. To start a propagated disturbance, 
i.e. to excite, the stimulus must bring about a certain local change of 
conditions, and this change must exceed a certain value’. Whatever 
the rate of the process, there will always be a time at which the extent 
of the change is just great enough to start a propagated disturbance. 
We have only to suppose that a disturbance is set in motion as soon as 
this change has reached its critical value, and it is clear that the all-or- 
none relation must follow. A strong stimulus may cause the local change 
to exceed the value required for excitation, but the disturbance will have 
been set up at the moment when the critical value was reached, and the 
refractory state accompanying the disturbance will prevent any sub- 
sequent change in the local conditions from affecting its size in any 
way. This may appear more obvious if we consider the effects of sending 


in two stimuli separated by a very short time interval. If the interval 


is short enough, the second stimulus falls on refractory tissue and has 
no effect. We may imagine the interval to be reduced further and 
further until eventually the two stimuli coincide. The two will then be 
equivalent to one stimulus of double strength, but the addition of the 
second is not likely to have any more effect on the size of the disturbance 
when there is no interval than it had when there was an appreciable 
interval between the two stimuli. 

Another factor may come into play when the conditions necessary 
for excitation are attained in a very short time, as is the case with the 
break stimulus from an induction coil. It is well known that a stimulus 


many times stronger than the threshold affects the nerve over a 


considerable area round the point at which it is applied. Thus for 
every stimulus strong enough to excite there will be a region at the 
edge of the affected area where the conditions will be changed just 
enough to set the propagated disturbance in motion. Unless the 
change proceeds very slowly at this point, the disturbance set up here 

I Lucas. Proc. Roy. Soc. B. Lxxxv. p. 501. 1912. 2 
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will forestall any other disturbance which might have travelled from 
the centre of the affected area where the stimulus was more intense. 
Thus however strong the stimulus may be, the propagated disturbance 
which passes down the nerve will have been set up in a region 


where the change of conditions has been only just great enough to 
excite, 


We may conclude that i is an all-or-none relation between the 
stimulus and the propagated disturbance because the disturbance will 
always be set up as soon as the local excitatory change has reached 
a certain critical intensity at any point on the nerve; any further 
increase in the local change will have no effect on the propagated 
disturbance on account of the refractory state which is developed as 
soon as the disturbance is set in motion. 

If this explanation is correct, it is clear that the existence of an 
all-or-none relation between stimulus and disturbance does not even 
tell us anything new about the local excitatory process. In any case 
the result of these experiments must be looked upon as confirmatory 
evidence and nothing more; taken apart from other evidence, it can 
give no information as to the all-or-none character of the nervous 


impulse. 
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STUDIES ON BERIBERI. VIII. THE RELATIONSHIP . 
OF BERIBERI TO GLANDS OF INTERNAL 
_ SECRETION. By CASIMIR FUNK anp MACKENZIE 
DOUGLAS. 


(From the Cancer Hospital Research Institute, London, 
Brompton, G. . 


IN previous papers one of us (C. F.) has expressed the viewo that the 
vitamines of the food may have a close relationship to glands of internal 
secretion and therefore one would expect that in deficiency diseases one 
or more of the glands would cease to perform its normal function and 
that histological changes might be found. The pathological changes 
_ described and observed in human and avian beriberi were chiefly in the 
nervous system, where extensive degeneration was found, in the heart, 
the liver and the gastro-intestinal tract. All these changes are not 
specific to beriberi but their peculiar combination is to some extent 
specific. The present inquiry which is the first step in this line has 
shown very pronounced changes in the glands of internal secretion in 
pigeons suffering from beriberi. The most prominent feature of avian 
beriberi is a complete disappearance of the thymus, an organ normally 
very large and persistent in these birds. It is known (Biedl@) that 
the thymus in birds diminishes in size to a great extent in starvation, 
but in our cases a complete atrophy was induced on a diet of polished 
rice. On the other band in pigeons fed on minute quantities of food 
the thymus was found to be very markedly diminished in size, but did 
not completely disappear as in beriberi. Besides the changes in the 
thymus important changes were found in other glands, especially in 
pituitary, where a large number of the secretory cells were destroyed. 
Changes were also found in the thyroid and very marked atrophy in 
ovaries and testes. The changes found in the liver and the kidneys 
correspond to those known in human beriberi. 

This investigation which may help us to elucidate the physiological 
function of the vitamines will be extended also to the studies on growth. 
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476 0 FUNK AND M. DOUGLAS. 
We know already that glands of internal secretion play an important 


role in normal and pathological growth. We know the peculiar in- 
hibition of growth in cases of diminished secretion of the pituitary, 


thyroid and thymus. On the other hand we know the stimulating 
effect on growth in cases of adenoma of the pituitary, where there 
is an increase of the secretory portion of the gland. The hyperfunction 


of this gland produces different effects according to the age of the 
individual. In childhood there is general growth, gigantismus. Between 


20-40 years it results in acromegaly, an exaggerated growth of the 
extremities and skull. At a later period (after 40 years) an adenoma 
of this gland is said to be a frequent phenomenon, but does not produce 
acromegaly. In these cases it is possible that there is a latent energy 
of growth induced by the hyperfunction of the gland, and since normal 
growth is no longer possible, pathological growth, namely tumour- 
formation, can take place. Sweet, Corson-White and Saxon have 
observed an acceleration of malignant growth in castrated animals, in 
which, we know, there is as a rule hypertrophy of the pituitary. On 
these lines the work is being continued. 

Eight beriberi pigeons were examined and notes of the conditions 
found on examination of the thymus, pituitary, thyroid, suprarenal, 
ovary, testis, liver, kidney, pancreas and spleen are given. All, except 
the pituitary, were fixed in Zenker's fluid and stained with Weigert's 
haematoxylin and Van Gieson’s stain. 


Thymus. Macroscopically no thymus could be seen in any of the 


beriberi pigeons. In the healthy bird the thymus. is a long organ 
that can easily be found extending on both sides the whole length of 
the neck like a chain of glands. The tissues in that region were 
examined microscopically, but no tissue that could be identified as 
thymus was found. In two pigeons examined, which had been fed 
on a minimal diet, the thymus was diminished in size but could 


be recognised quite readily macroscopically and identified micro- — 


scopically. 
Pituitary. The pituitaries were removed with the adjacent portions 
of the skull and fixed in 5% formalin; then the bone was decalcified 


in position by nitric acid and formalin ; finally the tissue was washed 


for one week in running water. The glandular portion showed very 
distinct deviation from the normal in all cases. The acinar 
was lost and the cells showed degeneration. The number of cells was in 


many cases greatly diminished, the framework of the W being ‘Sel | 


made out, due to the * of the cells. 
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Thyroid. In two cases there was very marked degeneration of the 
cells. The amount of colloid present varied in different cases, but this 
was also true of the healthy birds examined. One thyroid showed areas 
of inflammatory cells. The parathyroids have not yet been investigated. 

Suprarenal. In the bird the cortical cells are arranged in cords, 
always two deep with the blood-vessels and groups of medullary 


(chromaffine) cells between the cords. In the majority of cases there 
were only some slight degenerative changes in both cortical and 


chromaffine cells. Two suprarenals showed some congestion of the 
capillaries and one of these had yellow pigment granules scattered 
throughout the tissue. One pigeon had a large haemorrhage into the 


substance of both suprarenals, In this case the cords of cortical cells 


were broken up and the cells degenerating, some of them having almost 
completely disappeared. On one side the suprarenal was wate 
composed of blood with a few degenerated cells. 

Ovar. Six of the birds were females and in all six the ovaries 
were much diminished in size. The vesicles were much smaller than 
in the normal. | 

Testis. In two male birds the testes were greatly | atrophied. 
Microscopically the tubules were much diminished in size. No 
spermatozoa could be seen in the tubules. | 

Kidney. Macroscopically no marked change was noted. Micro- 
scopically all the kidneys show tubular changes. These changes affect 
more especially the columnar celled tubules, and consist first of a 
swelling and then a breaking up of the protoplasma of the cells, 


while the nucleus either stained darkly and showed pyknosis or was 


breaking up with consequent loss of staining power: chromatolysis. 
In some the intertubular capillaries are dilated, but in others collapsed, 
due to the swelling of the tubules. Except one case, the glomeruli 
showed little change. In one case the glomeruli seemed slightly 
enlarged with an increase in the number of the nuclei. In one 
kidney there was slight cedema in the interstitial tissue, there were 
also some inflammatory areas around the large collecting tubules. 

Liver. The parenchymatous changes corresponded to those observed 
in the kidney, but were even more advanced. In all cases the liver 
cells showed distinct evidence of cloudy swelling and in places the 


cells were breaking up. In one case the cells had almost disappeared _ 


in many places, leaving only the outline of the intralobular capillaries. 


No inflammatory areas were found in any of the livers and there was no 


excess of fibrous tissue. Sections were not stained specially for fat, 
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but there were no evident fatty globules. Two of the livers showed 
marked yellow pigmentation. 

Panoreas. The pancreas was not greatly diminished in sine and 

in the majority of cases there was no naked eye change. In one 
case however the posterior portion of the pancreas was dark brown 
in colour. Microscopically that portion was quite necrotic. Micro- 
scopically the pancreas showed no very marked changes, the islets of 
Langerhans showed no change. There was no excess of fibrous tissue 
in the organ. 
Spleen. Macroscopically the spleens were reduced in size, some 
very markedly so. Microscopically the fibrous tissue framework of 
the spleen showed up very distinctly because of the disappearance 
of the lymphoid cells. Round the central arteries of the malpighian 
corpuscles the cells have almost entirely disappeared. In two cases 


there was a large quantity of orange-yellow pigment — scattered 
spleen. 


SoMMAny. 


The al examined showed a great diminution in size in every 
case. Microscopically there was a marked degenerative change of 
the cells with higher functions. In most cases the marked atrophy was 
due to a disappearance of the cells, the framework of the gland alone 


remaining. The most marked change was in the e of the 
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THE EFFECT OF THYMUS FEEDING ON THE 
ACTIVITY OF THE REPRODUCTIVE ORGANS IN 
THE RAT. Br EVELYN E HEWER. 


(From the Physiological Laboratory of Bedford College, London.) 


Ix this paper an account is given of some observations on the effect on 
rats of adding to their food an extract of thymus, or the fresh thymus 
gland itself. The points to which attention was directed were the effect 
on general appearance and increase in weight, the effect on sexual 
maturity, on the number of the litter, on the sex of the litter, and on 
the period of gestation, and lastly the effect on the thymus gland 
itself. 

Since no extirpation experiments were done, a detailed reference to 
the work of others with regard to this is unnecessary. The results 
show that the thymus has some special relation to the reproductive 
organs: if removed in young animals, growth is retarded (Lucien and 
Parisotoh), more Ca is excreted with resultant bending of the bones 
(Bascha), Friedleben@), and the reproductive organs undergo altera- 
tion: Paton and Goodall@ found an increase in weight in the testes, 
if the thymus was removed before the age of sexual maturity; while 
Soli, also Ranzi and Tandler@, found a marked diminution in 
weight and volume of the testes of thymectomised animals. On the 
other hand castration has been found by all workers to cause increased 
weight and retarded atrophy of the thymus, if performed in young 
animals (Henderson, Calzolari@, Soliw). | 

Relatively few observations have been made on the effect of repeated 
doses of the thymus, or its extract. Apart from the blood-pressure 
effects always obtained with tissue extractsdo, a substance appears. to 
be present which exercises an influence on general growth and meta- 
bolism in the young. Ranzi and Tandler@ found that injection of 
thymus extract in a sheep gave a decrease in the rate of growth: 
Valtortaan obtained a retardation in the developmental changes in 
the ovary: Ha m maro found no effect on growth: Charrinas observed 
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an increased excretion of Ca: Abelous and Billarddo, with unboiled 
extracts, obtained symptoms similar to those of strychnine poisoning. 
These conflicting results may be due to the presence in the gland of 
various constituents which may normally antagonise one another, and 
which may be present or absent in the extract according to the method 
of preparation (Gwyeras)). Possibly the changes observed are merely 
the response of the organism to altered metabolic conditions, and are in 
no way specific (Valtortaue, Nathanin). 


Many other experiments on the effect of injection and feeding ' with 
thymus have been made, but they do not bear directly on the points 


dealt with in this paper. 

Method. White rats were used almost exclusively: if well fed, they 
will breed in captivity nearly all the year round. The young rats were 
taken from the mother at the age of three weeks: they are then able to 


feed themselves, and should weigh not less than 23 grams. For the 


first two days after leaving the mother they were all fed on milk and 
bread: after that time the special dieting was begun. 

One series of experiments was carried out with thymus tabloids 
(Burroughs and Wellcome), and another with fresh lamb’s thymus: 
in both series controls were instituted. The thymus tabloids (1 tabloid 
= 5 grains) were given powdered, and rubbed up in a little milk: when 
fed, the rats were given this first, and after they had finished it received 


further ordinary food’, The fresh thymus was given raw, cut into small 


pieces. Except in the case of one female, no difficulty was experienced 
in getting the rats to take the thymus. 

Assuming that feeding with thymus gland would be effective in 
bringing animals into the condition of hyper-thymism,” it was hoped 
that information would be obtained tending to elucidate the points indi- 
cated above. 

General effects. During the first two or three weeks of thymus 
feeding, the young rats both male and female were very much more 
lively and less timid than the controls: after a few weeks no difference 
was usually detected. This was noticed with both tabloid thymus and 
fresh thymus. Two rats that were fed with a large quantity of thymus 
(7 tabloids p. d.) were very large and very fat, and one of them () was 


The fresh lamb’s thymus material was examined histologically from time to time, 
and was always found to present the typical appearance of normal young thymus, 
Through the courtesy of Burroughs and Wellcome, the fresh material from which their 

structure of typical young thymus. 
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well above average weight. Among those fed with fresh thymus, it 
was noticed in six cases that the fur was unusually coarse and non-silky. 
All the rats were full-sized, well developed, and perfectly healthy. 

Among those that were killed for histological examination, it was 
noticed that the spleen was very frequently enlarged : in two cases the 
‘thyroid was observed to be enlarged: no alteration in microscopical 
structure. was however visible. The suprarenal showed no obvious 
alteration in structure. 

Effect on growth. The rats were taken from the mother at 3 weeks: 
at 34 weeks they were weighed, those under 25 grams rejected, and the 
thymus feeding was begun. The controls received bread, milk, and 
oats: one series received thymus tabloids in milk, bread, and oats; and 
one series received fresh thymus, bread, milk, and oats. 

With the thymus tabloids it appeared to make very little difference 
whether 3 or 7 tabloids were given per diem. With the fresh thymus, if 
other food was also provided, it made no difference whether 1 gr. or 4 grs. 
were given each day. In the case of two animals that were fed on 
nothing but milk and fresh thymus, the weight did not increase as 
rapidly as usual: this was — noticeable in the male. 


Summary of experiments—giving weights in grams 


Male. 
34 weeks 8 weeks : 10 weeks 
Control i. 27 (4 cases) 109 159 (4 cases) 
28 120 175 
| 84 161 218 
Thymus tabloids 50 (2 „) 125 178 (2 „ 
(8 to 7 p. d.) 82 181 100 5 
a 83 (2 ” ) 146 200 (2 ” ) 
87 bs 122 
26 — 169 
Thymus fresh 82 (2 „ 132 * 
| : 89 142 — 
29 — 214 
82 78 — 
Time taken to treble weight at 33 weck? | : 
Control 54 wks. 64 wks. (4 cases) 7 wks. 7h wks. 


Thymus tabloids 6 „ 64 „ (4 „ 7h wks, 
N Thymus fresh 63 ” 7 ” 2 ” ) : 
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34 weeks 8 weeks 10 weeks 
Control “26 94 117 
ie 27 (2 cases) 100 129 (2 cases) 
28 115 
29 104 134 
88 119 141 
30 108 — 
Thymus tabloids % (2 „ 10¹ 125 (2 „) 
8 to 7 p. d.) 27 | — 111 
30 90 — 
32 105 
38 129 127 
Thymus fresh 26 — 143 
31 100 — 
33 106 — 
35 — 
36 104 — 
| . 35 91 — 
Time taken to treble weight at 34 weeks: 
Control 64 wks. 7 wks. (6 cases) 


Thymus tabloids 64 ,, (2 cases) 74 wks. 8 wks. 


Thymus fresh 7 ” (2 5 8 55 


These results show no constant variation: but it seems that in the 
female growth is somewhat retarded by the administration of thymus, 
while in the male there is practically no difference. In the male it was 


noticed that the rats were often larger than the controls, although not 


heavier. 

_ Appearance of the first litter, with limited thymus feeding. It was 

found that the ovaries of young rats were so fully developed even at 

birth that it was almost impossible to decide whether subsequent feed- 

ing with thymus material affected the histological structure or not. 
With large doses of fresh thymus it was found that no breeding 


occurred : experiments under these conditions are detailed below. In 


the present section only those experiments are given in which the dose 
of thymus was “limited,” ite. not sufficient to cause sterility : such dose 
is not more than 2 grams per diem. 

a Feeding the parents with thymus (tabloid or fresh gland), did not 
appear to modify in any way the development of the ovaries of the 
offspring. It was thought that possibly the age of the female parent 
at which the first litter was produced under different conditions might 
bring to light some modification of the ovaries due to thymus os 
not hitherto apparent. 
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e al lis female for the first litter was found to be 13. 
weeks. 


Age in weeks f ai production of iter. 


No thymus 3 Goth) 153 ( only) 18 
„„ — 
14 pet 
18 85 
‘Thymus tabloids 110 p.d.) 18 (4 h.) 
18 (24 „) » 16 (4 89 — 
„ 
124 (7 „ * — 
Thymus fresh 15 (¢ only) 17 (25 p. d.) ( only) 15 
15 — (2 only) 14 
15 


These results would show that continuous feeding of the young ones 
with thymus tabloids did not delay the appearance of the first litter 
when these animals were paired (with one exception). Feeding with 
fresh thymus however caused a delay of a fortnight, if 13 weeks is 
taken as the normal age for the production of the first litter. 

More striking are the results obtained when the parents were fed on 
thymus. When both parents, or the female only, had been given 
thymus—whether tabloid or fresh—sexual maturity in the offspring 

was markedly delayed, whether the offspring itself received thymus or 
not. 

Histological examination of the reproductive organs at 13 weeks in 
these restricted thymus fed animals did not reveal any structural change 
which would explain the delay. 

Number and sew of the first litter, with limited thymus feeding. The 
number in the litter was found to vary too much for any definite con- 
clusion to be reached. No constant variation in the relative number of 
male and female young rats was observed under the thymus treatment : 


‘there may have been a slight increase in the relative number of the 


males, 

Length of gestation period, with limited thymus feeding. The actual 
duration of gestation is somewhat difficult to ascertain. In rats how- 
ever it is made easier by the fact that the female will frequently take 
the male immediately after the birth of a litter. The male rat was 


8 
| 
| 
| @ 
J 
*. 
q 
of 2 used Parents received Parents received Parents received a 
for no thymus thymus tabloids thymus fresh a 
4 
* 
& 
1 
9 
} 
ag 
2 
a 
A 
2 
— 


484 REWER. 


always removed when a litter appeared because of his cannabalistic 
tendencies, and was kept away for three weeks. It was found that 
another litter sometimes appeared before the male was returned or 
within the next few days. In these cases fertilisation must have taken 

place between the birth of the first litter and the removal of the male, 


leaving an error of at most one day. In this way it was possible to find 


the actual gestation period under different conditions. 


Length of gestation period in days. 
Feeding 2nd litter litter 
No thymus — 81 26 | 
38 25 
29 
| 23 (5 cases) — 
ee Thymus tabloids 34 | 24 
20 (2 „ 
23 
24 
27 — 
29 
Thymus fresh 22 ia? 
28 27 (2 cases) 
— 28 
20 
rs 24 (2 » ) 


In this series again the variation is too great to allow of any definite 


conclusion. 

The normal gestation period in rats can be regarded as approximately 
23 days, and the feeding with thymus does not appear to cause any con- 
stant variation. 


Effect of excessive thymus feeding on the breeding capacity. Animals 


which were receiving sufficient thymus to be considered more distinctly 


under the influence of such feeding, appeared to be sterile. A dose of 
2 to 5 grams p.d. of fresh thymus was found to bring about this con- 
dition of “ hyper-thymism.” 
If the male was given thymus in large doses om 3 weeks until 10 
weeks, and tben paired with a normal female, and the thymus feeding 
continued, no breeding took place. Histological examination showed 
degeneration of the testes (see below). 

If the female was given thymus in large doses from 3 weeks 
until 10 weeks, and then paired with a normal male, and the thymus 


feeding continued, no breeding took place (one case), Histological 
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examination of the ovaries and the testes at 22 weeks showed nothing 
abnormal. 

In four cases, pairs were fed on . in large doses ‘ad milk only : 
no breeding occurred. 

In a fifth case neither the control nor the special pair bred: but 
histological examination showed normal structure in the control pair 
and in the female of the special pair, but marked degeneration in the 
testes of the special pair. 

In all cases of excessive thymus feeding, degeneration was produced 
in the testis. In no case of hyper-thymism was breeding obtained, 
although the controls were all breeding freely—with the exception of 
the one case mentioned above. | 


Effect on spermatogenesis. 7 

In order to observe whether the thymus feeding in any way affected 
spermatogenesis, it was necessary first of all to determine the precise 
course of events, and the ages at which the different developmental 
changes manifested themselves. A series of control animals of various 
litters was examined histologically, with the following results. 

In the newborn animal, active mitosis is occurring in the testis, and 

at 34 weeks the spermatogonia can be distinguished from the sperma- 
tocytes. No lumen begins to appear in the tubules as a rule until 7 
weeks. At 8 weeks spermatids are easily distinguishable: at 8} weeks 
isolated spermatozoa may occasionally be seen. At 9 weeks typical ripe 
spermatozoa are plentiful, but the fully formed epididymis contains no 
free spermatozoa. At 10 weeks all the tubules show active spermato- 
genesis: the second crop of spermatozoa is appearing, while the first 
crop can be seen in the epididymis (Figs. 1 and 2). 
At 9 weeks therefore typical spermatogenesis is first seen, and at 10 
weeks the testis is indistinguishable from that of a 6 months animal. 
These results are borne out by the facts mentioned previously that the 
gestation period in rats is about 3 weeks, and that the first litter usually 
appears at the age of about 13 weeks. At 10 weeks, then, the male rat 
is sexually mature. 

In connection with the experiments mentioned above showing 
change of fertility induced by thymus feeding, histological examina- 
tion was made of the testes of animals receiving thymus and of the 


* 


controls. 


With limited thymus feeding., As shown above, limited Ls = 


feeding retarded sexual maturity. 5 
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No.  Ageinwecks Thymus feeding Condition of testis 
ll 4 tabloids p. d. Normal 
Normal. 
| tozoa in epididymis as usual 
ag 10 ” Normal. Spermatogenesis not quite 
| a es so full in all tubules as normally 
4 9 10 ” ” General appearance of 8 wks. testis 
6 10 Fresh thymus, 1 gr. pa. Normal, Not so many free sperma- 
and ordinary food tozoa in epididymis as usual 
6 9 Fresh thymus, 1 gr. p. d. General appearance of 8 wks. testis 
7 9 FPresh thymus, 1 gr. p. d- 5 55 se 
and milk 


Thus limited thymus feeding, provided that sufficient is given to 
ensure some influence, brings about a retardation of the development of 
the mature testis. Since spermatozoa are ultimately produced, breeding 
although delayed will occur. 


With large amounts of essa As shown above, hyperthymie — 
are sterile. 


No. Age in weeks Thymus feeding | 8 


8 10 Fresh thymus (4 grs. Spermatogenesis. Very few sperma - 
or more p. d.) and tozoa in epididymis. Many clear 
| milk only - nucleated cells in epididymis lumen 
9 10 Do. Similar to No. 8 
10 10 Do Tubules appear to be disintegrating. 
Epididymis contains many free cells. 
No spermatozoa recognisable 
11 10 Do. Tubules disintegrating. Epididymis 
contains many free cells, and a 
few spermatozoa 
12 193 Goes Tubules disintegrated. Epididymis 


fall of debris. No spermatozoa. 
[Died of pneumonia] 


13 884 Do. Similar to No. 10. No spermatozoa— 
even in epididymis 

14 41 Do. 5 Similar to No. 10. A very few perma- 

| 3 tozoa in epididymis 


Thus excessive thymus feeding brings about a degeneration of the 
testis cells: spermatozoa are usually completely absent, and the animal 
consequently sterile. 

It was sometimes difficult to decide whether two testes showed equal 
degrees of development: as a rough basis for comparison, the ratio was 
taken of the number of tubules in any section e ripe * 
to the total number of tubules * 
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‘Figs. 1 and 2. 10:weeks, Normal. Fig. 1. Testis, 


Fig. 1 Fig. 2. 


2. Epididymis, showing free spermatozoa in tubules. 


Fig. 3. Fig. 4. 


Figs. 3.and 4. Rat No. 10. 10 weeks. Received Be wea fresh thymus per diem. 
idymis. 


Fig. 8. Testis. Pig. 4. E 
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— 9 None 178 105 100: 60.7 No 
. 9 10 tabloids p. d. 40 18 100: 45 8 
6 99 thymus 167 22 100: 18°1 
Fresh thymus 44 100 
| 1 gr. p. d. 

— 10 None 100 100 100: 100 Yes 
. 6 tabloids p. d. 100 100 100 100 5 
% 64 54 100 : 84-3 
5 10 Fresh thymus 100 100 100: 100 70 
1 gr. p. d. 

8 10 Fresh thymus 105 93 100:88°5 A trace 
4 grs. p. d. | 
9 10 Do, 94 71 100: 75-5 No 
10 10 Do. Disintegrating 1 

12 194 Do. „* 

18 88} 00. | | 
14 4¹ Do. 


Feeding the tas before the adult ‘condition was attained therefore 
affects the testis in the sense of retardation of the normal course 
of development, and after the adult condition it appears to cause a 
degeneration of the testis itself. These results were very much more 
marked when using the fresh thymus than when feeding with thymus 
tabloids: this corresponds with the previously mentioned results with 
respect to the age at which the first litter appears. Further, the changes 
are graded according to the amount of thymus given. 4 
The precise nature of the changes observed appears to be as follows. 
The epididymis itself shows no degeneration, but instead of containing 
only masses of ripe spermatozoa, it contained also small cells varying 
in numbers directly with the degree of degeneration observable in the 
testis itself. These cells were of three kinds: (I) showing active mitosis— 
possibly spermatocytes. (2) Showing distinct compact central nucleus. 
(3) Showing vacuolated nucleus. The appearances suggested that the 
cells were in reality testis cells which in some way had become detached 
before they had followed the normal path of being converted into sperma- 
tozoa. Examination of the testis confirmed this: in many of the tubules 
the spermatids and even the spermatocytes could be seen being shed 
into the lumen of the tubules, while spermatozoa were absent. The 
_ tubules themselves began to show shrinkage and degeneration, although 
were a few * normal be seen — 
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As the age advanced and the feeding was continued, the degenera- 
tion became as a rule more complete. In one case, rat 12, aged 193 
weeks, spermatozoa, spermatids, and spermatocytes were all absent, 
while a few cells—apparently spermatogonia—conld be seen actively 
dividing among the fibrous and coagulated debris of the tubule con- 
tents, 

In all cases, the cells that remained appeared to be undergoing 


active division, as if endeavouring to replace the cells which were being 


prematurely shed. 
Cells of Sertoli were not recognisable: possibly the spermatids, 
failing attachment, were pees into the lumen without further develop- 


ment. 


Effect on the thymus gland. The thymus gland in rats ie found 
adherent to the roots of the large blood vessels, and attached to the 


trachea, lying partly in the neck and partly in the thoracic cavity. It 


does not appear to vary in relative size very much from a newborn rat 
to an adult of 20 weeks or more. Nor does the histological structure 


present any obvious differences. In none of the specimens examined 


were typical Hassall's corpuscles to be seen. , 
The feeding with thymus material caused no apparent changes in 
the structure of the gland, either in size, or in minute arrangement. 


CONCLUSIONS. 


1. Male rats appear more susceptible to the influence of thymus 
feeding than female rats. To obtain an obvious effect it is necessary to 


give comparatively large amounts of the fresh gland. 


2. Beyond inconstant and slight variations, no definite general 
growth changes are brought about by thymus feeding, apart from altera- 


tion of sexual activity. 


3. With moderate doses of thymus sexual maturity in the animals 
treated is delayed. Feeding the parents with thymus caused marked 
delay of sexual maturity in the offspring, both male and female. The 
actual gestation period of the offspring was not altered. 

4. This delay of sexual maturity appears to be related to delayed 
development of the testis. 

5. With large doses of thymus, in the female no histological altera- 


tion of structure was observable. In the only breeding experiment, no 


breeding resulted when paired with a normal male. | 
31—2 
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affected: in the young animal in the direction of retardation of develop- 
ment, in the mature animal in the direction of degeneration. This 
degeneration is confined to the testes. 

7. In the degenerating testis, cells of Sertoli appear to be absent: 


the spermatogonia are actively dividing; spermatocytes are present also 


dividing, and many lie free in the lumen of the tubule; spermatids, 
many with abnormal nuclei, are being shed into the lumen in large 
numbers; spermatozoa are practically absent. In the later stages, only 
a few dividing spermatogonia appear among the debris of the other 
unrecognisable cells of the tubule. 

8. In the epididymis, which itself is normal, when the testis is 
showing degeneration, very few spermatozoa appear—in the later stages 
none. Many spermatids are present in various stages, and some sperma- 


9. Animals in the hyper-thymic condition appear to be sterile. 
10. The thymus gland itself does not eee to be influenced by 
thymus feeding. 


I wish to record my thanks to Dr Edkins for the advice which he 
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NOTE ON THE PIGMENT OF A BERMUDA NUDI- 
BRANCH, CHROMODORIS ZEBRA HEILPRIN’. Br 
W. J. CROZIER. : 


 Chromodoris zebra Heilprin, the largest of the nudibranchs found in 
Bermuda, has a ground colour of deep blue, present on the general 
body-surface, the protrusible pharynx, and the foot (excepting its 
margin and posterior tip). The dorsal and lateral surfaces of the 
animal are marked with a series of irregular orange streaks, The 
distribution of these pigments, and their variation in different in- 
dividuals, is described by Smallwood and by Smallwood and Clark. 


I have examined the pigments of this animal in the course of a 
search for a colouring matter with properties favourable to quantitative 
studies on the mechanism of its formation in nature. The blue 
material has several interesting characteristics, which seem worth 
putting on record. It is readily extracted by weak formalin, alcohol, 
or acetone, but is insoluble in ether or chloroform. The yellow 
pigment is not easily dissolved by ordinary, solvents. 

1 Contributions from the Bermuda Biological Station for Research, No. 80. 
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In solution the colour is not a pure blue, but has a quite perceptible 
purple tinge. Extracts do not fade noticeably within three months. 
On the addition of nitric, hydrochloric, sulphuric, acetic or formic acid, 
the blue colour changes to a very distinct violet-pink’. Strong hydroxide 
of sodium or potassium, or ammonium hydroxide in excess, causes the 
appearance of a greenish flocculent precipitate, which is soluble in acids. 

Absorption spectra of acid, alkaline, and neutral solutions of the 
same concentration are given in the accompanying figure. The observa- 
tions were made with a Krüss spectroscope the scale of which had 
been carefully calibrated. The positions of maximum absorption, as 

determined by dilute solutions, are indicated by the arrows: they are 


neutral 621 
acid 629 
alkaline 620 


If an acid cite: of the colouring matter be neutralized, the : 
original blue is restored, but without the violet tinge. This colour — 
change is indefinitely reversible, and suggests the use of the = 
as an indicator. 

A number of titrations were made, using N/10 and N/100 3 
chloric acid against ammonium hydroxide, and uniformly gave identical 
results. On comparing this substance with cochineal, it was found 
to give the same end-point when using the transition pink - blue. The 


Presence of mineral salts, sugar, alcohol, or formalin, in fairly consider- 


able amounts, exerted no influence on the end-point. 

Attempts to obtain the blue material in crystalline form have been 
unsuccessful. 
Similar blue pigments apparently exist in certain other species of 
Chromodoris, for Cockerell describes a blue substance, which is 
soluble in formalin, responsible for the ground colour of C. universitatis 
and of C. porterae, both from the Pacific coast. This blue substance 
is bleached by potassium hydroxide, and is immediately turned ag by 
hydrochloric acid. 


* 


T. D. A. Nature, uxv. p. 79. 1901. 
Smallwood, W. M. Proc. Zool. Soc. London. 1910, p. 187. (Contrib. Bermuda 
Biol. Sta, No. 18.) 


Smallwood, W. M., and Clark, E. G. Jour. of Morph. XXIII. p. 625. 1912. 
Bermuda Biol. Sta. No. 26.) 


| 
fluid, or other acid fixatives. 
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HYDROGEN ION CONCENTRATIONS LIMITING 


AUTOMATICITY IN DIFFERENT REGIONS OF 
THE FROG’S HEART. By DOROTHY DALE, 
Fellow of Newnham College, anv C. R A. W 


Downing College, Cambridge. 
(From the Physiological Laboratory, Cambridge.) 


i * is now generally accepted, chiefly from the work of Gaskell and 


Engelmann, that the different parts of the heart are of varying 
automaticity, and that the normal beat is due to the more rapid 
rhythmic contraction of the venous end of the heart, the contraction set 
up being propagated to the other parts in sequence. And it is known 
that in various circumstances the order of beat may be reversed. 

The work of Herlitzka, Mines, Clark and others has shown the 
great importance of the reaction of the fluid perfusing the heart in 
connexion with the origination of rhythm, while Mines c has pointed 


out that the limits of hydrogen ion concentration (Cn) within which 


the development of spontaneous beats is possible differ for the hearts 
of different kinds of animals. 

In experimenting with the auricle-ventricle preparation of the frog 
we found that this preparation would not beat spontaneously in a 


slightly acid Ringer’s solution in which the sinus would beat regularly, 


but that if a small amount of Na,CO, solution was introduced into the 
cannula the auricle at once started a regular, spontaneous rhythm. 


This observation led us to make experiments to ascertain whether 
there is a difference in the optimal Cg. for the development of rhythm 


in the different chambers of the heart, and, if so, to determine the 
limits of Cy. between which each chamber will originate spontaneous — 
contractions. 

. Methods. Medium-sized or large specimens of Rana temp. were 


used for these experiments which were carried out chiefly in the 


| * A preliminary communication ‘of this research was published in the Proc. Physiol 
Soc. p. i. 1918 (this Journal, xvn.). 


4 
, 
— 
4 
= — " * 
og 
4 
a 
ag 
~ 
R 
2 
— 
124 
ww 
= 
. 
4, 
= 
| * 
77 
* 
** 
* 
ak 


494 D. DALE AND C. R. A. THACKER. 


summer months. In investigating the automaticity of the sinus, the 
whole heart was perfused from the inferior vena cava below the liver, 
the perfusion pressure being kept constant by the use of a five-way 
cannula’. In some cases a fine silk thread tied to the tip of the 
ventricle was attached to a light lever and graphic records taken. 
In making the auricle-ventricle preparation we followed the tech- 
nique described by Sy mes . For the recording lever, a V-shaped 
piece of aluminium sheet, mounted at the end of one arm on a pivot, 
bore a writing point on the other arm. A thread tied to the tip of the 
ventricle was attached to the most dependent part. The drops of fluid 
: escaping from the cut aorte collected here and ran down to a vessel 
below. When the perfusion fluid was changed, the cannula was 
emptied by a side tube, and washed out with the new solution before 
the perfusion was continued. As the perfusion with any given solution 
lasted at least several minutes any temporary effects due to alterations 
in pressure on changing the solution were eliminated. A perfusion 
pressure of 45 to 5°0 cms. of the solution was found by experiment to 
de the most suitable. | 
In making the ventricle preparation, a Symes cannula was inserted 
through the left auricle into the ventricle and a ligature tied round the 
auriculo-ventricular junction. The perfusion fluid escaped through a 
small vertical cut 1 to 2 mm. long made in the ventricle wall with a 
very fine scalpel. An attempt was made to use a two-way cannula with 
inlet and outlet tubes so as to remove the netessity of damaging the 
ventricle wall, but it was found more satisfactory to use the simple 
cannula. The ventricle and auricle-ventricle preparations were set up 
in the same way, but rather higher pressures es to 70 cm.) were 
needed for the former than the latter. 

Since equilibrium was attained only slowly, in some cases after 
15’ to 30’, the experiments were necessarily of long duration, lasting 
usually from two to four hours. The slow attainment of equilibrium 
was not due to the methods of perfusion, for experiments performed 
in this laboratory have shown that the replacement of fluid occurs 
he rapidly, equilibrium with certain solutions being attained within 


In dealing with the intact heart, experience showed that the 
mechanical records might be misleading and were of little use in giving 
information as to the condition of the sinus venosus. In some cases 


— cannula, see Mines, 
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AUTOMATICITY IN HEART 495 
when the auricle and ventricle were beating vigorously, the most 


careful observation of the heart through a lens failed to show any 


sign of movement in the sinus. In the later experiments on the whole 
heart, therefore, no mechanical record was taken but the heart was 


observed directly throughout the experiment, a procedure which, if 


laborious, resulted in a much truer idea of the ‘condition of the heart 
than could be gained from the mechanical record with direct ob- 
servation only at intervals, for we were dealing with the rhythm, not 


with the force of the contractions. 


The water used in making up the solutions was distilled in a tinned 


; vessel and condensed and stored in glass. Kahlbaum's purest chemicals 


were used throughout, The solutions of sodium chloride, potassium 
chloride, sodium acetate and boric acid were prepared by weighing, the 
calcium chloride by titration against standard silver nitrate, and the 
hydrochloric acid and caustic soda by titration against standard alkali 
and acid respectively. All solutions which were kept for any length of 
time were stored in bottles of resistance glass or in Jena flasks. 

No the Cg. of a solution containing only strongly dissociated salts 
is changed by one passage through the frog’s heart and is readily altered 
by the absorption of CO, from the air. It was therefore necessary to 
have “buffers” present in the solutions to stabilise their hydrogen ion 
concentrations. The Cy. of a Ringer’s solution containing 005 mol. 
boric acid and sodium acetate is not changed appreciably in one passage 
through the heart and the presence of these substances does not appear 
to be harmful @. 

Two stock solutions were prepared, and by mixing these in definite 
proportions a solution of approximately the desired Cy. between Cy. 10 
and Cy. 10-* could be obtained. In each experiment, the determina- 
tions of the Cy. of the solutions used were made by Sörensen's colorimetric 
method . The stock solutions were: 


Solution I 3 : Solution II 
Hydrochloric acid M/10 400 Caustic soda M/10 400 c.c. 
Boric acid M/10 100 b. o. 


Sodium acetate M/10 100 % 
Potassium chloride M/ 10 60 o. o. 

Calcium „ M0 40 6. 
Sodium „ M/8 to 2000 0. 6. 


The 8 might be raised that the presence of these buffers 
might alter the Cn · limits of the heart, but such a possibility does not 
affect the main issue of this paper. The interest of the experiments 
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lies in the physiological differentiation between the chambers of the 
heart by solutions differing materially only in their On!. The use of 
different buffers” would in all probability change the Cg. limits for a 
given part of the heart. The observation that an acid solution contain- 
ing glycocoll is much less toxic to Paramecium m than a solution of the 
same Cn containing sodium acetate as “ buffer” would suggest that the 
heart might perhaps stand a greater Cg. if the sodium acetate in the 
solution were replaced by glycocoll. Experiments were carried out to 
test this point, and the results confirmed this suggestion (see Fig. 1). 
But the number of experiments was too small to be entirely convincing. 


Fig. 1. Intact heart perfused inf. vena cava: (a) boric acetate Ringer Cy. 104; 
%) boric acetate Ringer On 10-**; (e) boric glycocoll Ringer On 


Perfusion of the heart with acid and alkaline Ringer s fluid, _ 
5 In perfusing the whole heart, a solution of Cg. 10 to Cg. 10 
was never sufficiently acid to stop the rhythm of the sinus, although in 
some cases the auricle and ventricle did not respond to the sinus after 

prolonged perfusion (20 to 30’) of the acid solution. In no case was 

rhythm maintained for any length of time in an auricle-ventricle pre- 
_ paration by a solution of Cy. 10 to Cy. 10˙ (see Fig. 2), It was 
usually found that a solution of Cy. 10 was needed to start contractions 
in an auricle-ventricle preparation, but that when once started, they 
could be maintained fairly well in a solution of Cy. 10% but that the 
preparation was stopped by Cy. 10 after 5 to 15’ perfusion. In the 
same way, a more alkaline solution was needed to start a rhythm in the 
ventricle than was necessary to maintain that rhythm when once started. 
A solution of Cy. 10 stopped the ventricular rhythm in about 15”, 


1 It is theoretically impossible to have two solutions differing only in their On-, but 


the proportional changes in ionic concentrations other than those of the H and OH ions 


are so small as to be negligible in the solutions we have used. 
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whilea:soluatos of Cy: 10-** in almost every case brought the ventricle ö 
to. rest in 5’ to 15’ (see Fig. 3) 

The determination of the alkaline limits for the sinus and 11 1 
was complicated by the great tendency of the ventricle to initiate the 


Fig. 2. Auriole-ventriele preparation, showing arrest in solution 
On 10-*! (boric acetate Binger). | 


Fig. 8. Ventricle preparation, showing arrest in solution On 1078. 


— 


Fig. 4. Auriole- ventriele preparation, showing reversal of sequence in alkaline solution. 


| rhythm in alkaline solutions (see Fig. 4). This fact taken by itself 
f would certainly show that an alkaline solution is more favourable to 
: the origination of rhythm in the ventricle than in the sinus or auricle. 
In a number of experiments, however, where the most careful observa- 
tion failed to show any abnormal sequence, it was found that on the 


| whole the ventricle would beat in a solution so alkaline that the auricle 
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was arrested. Fig. 5 shows the ventricle beating well in a solution 

of Cx. 10. Similarly, the auricle in some cases would originate. a 

rhythm in a solution which would hold in abeyance the automaticity of 
the sinus, These experiments were not altogether conclusive, but taken 

in conjunction with others, which will be described later, seem to leave 

no doubt but that there is a difference in the alkaline as in the acid 

limits for automaticity of the different chambers of the heart. 


Fig. 5. Ventricle preparation beating in solution On 10 um. 


Table of experiments on acid limits. 


Solution 

Og: 10-8 On 10 On 108 
Intact heart, sinus rhythm 0 expt. - 

8 „ + 8 „ + 
A. V auricular 16 „ 2 expts. 
| 
Vi: preparation, ventricular „ 
rhythm (within 15”) | 

0 expts. + „ „* * 


The that the hens whe stopped in the solution in the number of 
experiments performed. The plus sign indicates that the rhythm continued after at least 
15’ perfusion. 

From this table we see clearly that the sinus will beat in a solution 
too acid for the origination of rhythm in auricular muscle, while a 
solution in which the auricle will beat spontaneously may be too acid 
for the ventricle. A similar gradation probably occurs when we consider 
the alkaline limits. An alkaline solution which will stop the sinus will 


allow the auricle to beat, and a greater alkalinity is necessary to stop 


the rhythm of the ventricle than that of the auricle. 

The objection might be raised that the hearts of normal frogs show 
considerable individual variations, and that these variations might account 
for the differences observed. In the auricle-ventricle preparation, how- 
ever, the remains of the sinus above the ligature often beat regularly 
when the acid solution used was holding the auricle and ventricle at 
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rest. In order to rule out the factor of individuality, in a number of 
cases the whole heart was perfused with a solution of Cy. which accord- — 
ing to the table would probably be outside the limit for the auricle- 
ventricle preparation. After the whole heart with rhythm originating 
in the sinus had beat strongly and regularly in this solution for about 
30’, an auricle-ventricle preparation was made of the heart and perfusion 


‘with the same solution was continued. It was always found that the 


auricle-ventricle preparation would not beat spontaneously in the 


Fig. 6. (a), (b) and (e) heart perfused through inf. vena cava. (d) and (e) auricle-ventricle 
| preparation. 


(a) after 5’ perfusion of solution Oq- 10 ; (d) after 4’ perfusion of 
solution Oy. 102; (e) after 6’ perfusion of solution Cy- 10% (20 after beginning 
of experiment); (d) after 7’ perfusion of solution Cy. 10 Record (d) followed by 
perfusion of solution Cy: 10 for 24’ during which time the heart was quiescent. 

record (e). 


slightly acid solution which had maintained the sinus rhythm, and 
that a rhythm started by a more alkaline solution was abolished on 


reverting to the acid solution. Similar experiments were carried out 


in which a heart previously perfused through the vena cava was made 
into a ventricle preparation, and the results here also were — 
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500 D. DALE AND G. R. A. THACKER. 
Similar confirmatory evidence was obtained from ten experiments in 


* 


f which the heart perfused through the vena cava was observed the whole 
time. The records of two such experiments are given below in detail. 
Exp, 1. 
11.16 ¢ frog pithed; cannula in inferior vena cava. 

11.25 Perfase boric acetate Ringer, On. 107. T.=19-5° C. 
11.48 Rate, 41 beats per minute. : 

2 12.1 „ ” 
| 12.8 ” 40 55 
12.15 40 ” 
112.16 Change perfusion fluid to Cg. 
12.17 Rate, 87 beats per minute. 
12. „ „ 5 7 
„ Heart very distended. Ventricular beat weak. 
12,29 „* 28 55 
, 28 , „ interval 1“, A.-V. interval 1“ 
„ „ 8 interval=19”, A.-V. interval=1j”. 
FVV “i Sinus beat vigorous, aur. and ventr. beats very 
weak. 
1.0 Change perfusion fluid to On 1077-2, 
1.1 Rate, 29 beats per minute. " 
1.8 „ Ventr. beat much im 
8.-V. interval 16; both 8.-A. and ALY. in- 
Strong regular beat. 
1.12 8.-V. interval 1“ 
„ 42 ” ” | 
8.-V. interval =1}”. 
1.38 ” 41 ” 
1.45 41 
1.46 Changs fluid to CR 101.8. 
1.47 Rate, 42 beats per minute. | 8 
1.49 86 99 
2.0 Sinus has stopped, oonduotion A. to V. very rapid. 
2.1 Rate, 24 beats per minute, 
15 Bulbus beating strongly and regularly. A. and 
, V. beat about once a minute. 
2.40 * 24 ” ” Do, Do. 
3.6 Bast of flowed by venti and 
in sequence. t 


1077-2, 
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8.17 Rate, beats per minnie Beats start in sinus; 
at half the rate (half-block at B.- A. junetion). 


5.0 „ 2 „, 55 
„ 40 „ 
8.50 „ 40 ” 
f 3.54 Perfusion discontinued; Symes cannula tied in sino-suricular junction and 
perfusion continued with fluid Oy. 10-7*. Perf. pressure=45 mm. 
4.3 Heart has not begun beating; change perfusion fluid to On. 10-102. Slow : 
= rhythm starts at once. Beat is V. to A. Very rapid tranamission. 
4.20 
Exp. 2. 
: 17 & frog pithed; cannula in inferior vena cava. 
4 115 Perfuse boric acetate Ringer, Oy. 10-7", T.=19° C. 
1.22 Rate, 89 beats per minute. 
1.84 ” 88 ” 55 
1.42 ” 35 
1.40 ” 85 ” 
„ 
Les 1.58 Ohange perfusion fluid to Cy. 10-10 
5 1.54 Rate, 82 beats per minute. 
„ „ Pentricle has stopped. 
Sinus beating regularly, auricle occasionally 
follows. - 
2.17 „ 80 55 aid 
2.19 Change perfusion fluid to Cy. 10-7 n. | 
: 2.28 Bate, 24 beats per minute. Aur. following many sinus beats. Slow trans- 
2.28 ” 28 ” ” 
„ 86 „ v. beating occa- 
2.39 ” 44 ” 
2.48 ” 44 ” 
2.49 Change perfusion fluid to On- 10-10. 
2.50 Rate, 49 beats per minute. 
2.52 ” 46 
90 Sinus has stopped beating. 
| Ss ae 5 Heart does not relax completely. 
: 8.0 „ 20 55 ” 
3.10 Sinus is beating again feebly, 32 beats per min. 
5 8.18 Sinus has stopped again. 
: 8.15 Rate, 25 beats per minute. 
$14 „ 20 „ 
„ 16 „ „ o. 
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|, Reversed beat, V. to A. 
3.34 $9 15 
8.87 14 9 
8.49 11 97 


8.51 Ohange perfusion fluid to OR 10-7". 
8.62 Rate, oe Reversed beat still continues. 
5 


8.54 „ 1 + ear Normal sequence A. to V. 
Sinus and ventr. have been slowly relaxing 
change in perfusion fluid to On: 10 7 
3.58 ” 28 
sinus beats. 
418 „ 34 


417 „ 88 „, 

4.20 Change perfusion fluid to Cy. 108. 

4.27 Rate, 48 beats per minute. 6 

4.81 ” 85 ” 

4.40 Sinus has stopped. 

4.41 Rate, 16 beats per minute. 

V. to A. Vary epi 
mission. 


4.48 83 170 Sinus beating again. 


5.0 Whole bis: Ventricle much more excitable to prick than 


auricle, and auricle more than sinus. 
5.5 Ventricle beating again followed by auricle. 
5.7 Rate, 11 beats per minute. 
The influence of On on the heart beat. 
(a) The origination of rhythm. The experiments made comparing 
the action of alkaline solutions-on the intact heart, the auricle-ventricle 
preparation and the ventricle preparation made it probable that there is 


a difference in the liminal values of Cg: for the origination of rhythm : 


between the different regions of the heart. This suggestion is amply 
confirmed by the experiments just described. These experiments show 
clearly that the power of originating a rhythm in alkaline solution is 
present in the highest degree in the bulbus, and in the least in the 
sinus. As we pass from the venous to the arterial side of the heart, 
we find a gradual increase in the liminal Coy for the origination of 
rhythm. 

As has already been stated, on the acid side the limiting values of 
Cn: which will maintain an automatic rhythm differ for the different 
regions of the heart. The range of Cy. therefore within which automatic 
activity is possible is not of very different extent for the different 
chambers of the heart, but is shifted more and more towards the alkaline 
side as we pass from the venous to the arterial end of the heart. 
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This is indicated in Fig. 7 which shows diagrammatically the limits 
for automaticity of the different chambers and the effects of alterations 
in Cg- on the durations of the sinus-auricle and auricle-ventricle intervals 
and of the whole heart cycle. 

The differences between the different regions of the heart are similar 
to those existing between the hearts of different species of animals. 
Mines bas shown that there is a difference in the optimal Cx. for the 
hearts of the elasmobranch fish and Pecten, and quite recently Clark@ 
has shown that the heart of the snake is less sensitive to increase both 
of ‘Cy. and of Cow than the heart of the frog. Mines ascribes the 


difference in the optimal Cy. to a difference in the iso-electric points of 


the tissues concerned. The present experiments may therefore indicate 
a difference in the iso-electric points of the tissues forming the various 
chambers of the heart, such as might depend, for instance, on = ) 


differences in the constitution of certain of their proteins. 


Limivre For 
Sinus 
606 
AVRICLE 
LimiT? FoR 
VENTRICLE | | 

RATION OF | 

A-V INTERVAL 12 A 


CYCLE 
Fig. 7. Diagram showing On limits for the origination of rhythm in different regions of 


the heart, and the influence of changes in Cg on the durations of the 8.-A. and 
A.-V. intervals and of the heart cycle. 


(b) The frequency of rhythm. e ee 


there were well-marked changes in the frequency of the sinus with 


changes in the Cy. of the fluid. In both acid and alkaline solutions the 

rate of the heart-beat was greatly diminished (see Figs. 8 and 9). In 
clinton solution the slowing was in most cases preceded by a small 
temporary rise in frequency. The attainment of equilibrium was slow, 
and the solution had to be perfused for 15’ to 30“ before the rate had 
ee As we have already shown, this 
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slow attainment of equilibrium was not due to the method of perfusion 
being inadequate. The lag in response to small changes in Cn: appears 
to be very characteristic. Gaskell insisted on the fact that after 
perfusion with an acid solution, recovery did not occur in a neutral 


Fig. 9. 
Figs. 8 and 9. Ourves showing relation of On and frequency of the rhythm of the sinus. 
Ordinates=time in minutes. Absciss# = frequency in beats per minute. 


solution for a very long time. Mines@ also calls attention to the slow 
attainment of equilibrium with changes in the Cn · of the perfusion fluid, 
and his figures (Figs. 22-25) show clearly the gradual changes in the 
behaviour of the heart. A closely similar lag appears in the behaviour 
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of an artificial gelatine membrane . The change in its electric 
charge produced by acid is only very slowly removed by washing i in a 


neutral solution free from polyvalent ions. 


The experiments seemed to show that thé optimal Cy, for the 


_ frequency of the sinus rhythm was slightly on the alkaline side of the ; 


neutral point. 

The effects of changes i in On · on the frequency of rhythms oulginat- 
ing in the auricle and ventricle varied in different experiments. 

The change from a solution of Cy. 10 to a more acid solution was 
always accompanied by a slowing of the rhythm. In going to a more 
alkaline solution, eg. Cy. 10-, sometimes quickening, sometimes 
slowing was observed. This is a point which requires further experi- 
ment before any definite statement can be made, but a small majority 
of experiments showed optimal values of Cy. for the origination of 
rhythm in auricle and in ventricle. | 

(c) Conduction in junctional tissue. All the experiments showed 
clearly the typical diastolic conditions of the heart in acid solution, A 
very marked feature of the beat in acid solution was the slow conduction 
of the excited state from one chamber of the heart to another. This 
was such that in changing from a solution of Cy. 10 to one of Cg. 10 
the duration of the interval between the beginnings of the sinus and 
ventricular contractions was approximately doubled. Both the sinus- 
auricle and auricle-ventricle intervals were lengthened. In some cases 
a solution of Cy. 10-** served to stop the contractions of auricles and 


ventricle after 10’ to 20’ perfusion; in others, however, the whole heart 


continued to beat fairly vigorously in the more acid solution but with a 


change in the character of the beat (which became diastolic) and with 


very slow transmission. In some cases a Cn · of about 10~* was necessary 
to stop the auricles and ventricle after short perfusion, and such a 
solution was also inadequate to keep up the automaticity of the sinus 
for any length of time. 

The general result of the experiments seems to show that the sinus 


will beat in a solution in which the auricles and ventricle are at rest. 


This standstill might be due either to a decreased excitability of the 
auricles and ventricle, so that they do not respond to the stimuli 
reaching them from the sinus, or to a block at the sino-auricular 
junction preventing the transmission of the excited state from the sinus 
to the auricles. No determinations were made of the excitability of 
auricular ‘and ventricular muscle in acid solutions, but there appeared 
to be an increased difficulty in eliciting a response to a prick when the 
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ventricle was at rest in acid solution. On the other hand, the increased 
length of the sinus-auricle and auricle-ventricle intervals is considerable 
evidence in favour of the blocking of the impulse at the sino-auricular 
junction. Probably decrease both in conductivity and in excitability 
plays parts in the diastolic arrest of auricles and — in acid 


solution. 


In changing from a neutral to an alkaline solution of Ow: 10-* the 
earliest and most marked change was the great increase in the rate of 
transmission, This was so great that in many cases it required the 
most careful inspection to determine the sequence when all chambers 
of the heart were beating. In alkaline solution, the sinus was the first 
to come to rest, next the auricle stopped and in some cases the ventricle _ 


Fig. 11. 
Figa. 10 and 11. Ventricle preparation. Rhythmic variations in 
tone in solation Om 10-™’. 


wales that the bulbus aorte alone was beating. On 9 
neutral solution, the beat reappeared in the chambers in the reverse 
order to its disappearance : first the ventricle contracted, responding to 
the bulbus contractions, then the auricle would follow in sequence to 
the ventricle, so that the heart was beating strongly with reversed 
rhythm. Later the sinus would begin beating, but independent of the 
rest of the heart. Suddenly a slight pause would occur, the auricular 
beat would follow that of the sinus, and the whole heart resume its 
normal sequence. In many experiments on the auricle-ventricle pre- 
paration while perfusing a distinctly alkaline solution (Cn: 10-) it 
was found that a reversed rhythm was very liable to occur. Both in 
the whole heart and in the auricle-ventricle preparation in alkaline 
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solution it was often a matter of uncertainty whether the ventricle was 


following the auricle or vice versa, but the change was so marked when 


a reversed rhythm gave place to a normal one that all om was then 
removed. 

Several of the records show well-marked rhythmical 8 in 
the tone of the ventricular muscle in alkaline solution (see Figs. 10 and 
11). This effect is not due to the rhythmical dropping of the solution 

as it leaves the heart. The following suggests iteelf as an explanation : 
when the perfusion fluid is passing through the heart at its normal 
rapid rate, the acid produced by the heart muscle is insufficient to alter 
appreciably the Cy. of the fluid containing “buffers.” The alkalinity 


of the fluid causes an increase in tone of the heart muscle. While the 
tone is high, the amount of fluid passing through the heart is very 


much diminished, and it is possible that the CO, produced by the heart 
muscle is sufficient to decrease the Coy of the solution, now almost 
stagnant in the heart cavities, in spite of the presence of “ buffers.” 
This decrease in Coy of the solution in the heart leads to decrease 


in tone of the muscle and consequently to increase in the flow through 


the heart of fresh alkaline fluid, thus bringing us to the starting point 
of the cycle. Unfortunately no tests were made as to the Cn of the 
solutions leaving the heart at various stages of the N 


| SUMMARY. 


The limits of Cy. for the origination of rhythm in different parts of 
the frog’s heart are different. The range of Cy. within which automatic 
rhythm is developed is of not very different extent for sinus, auricle 
and ventricle, but as we pass from the venous to the arterial end of the 
heart, this range is shifted more and more towards the alkaline side. 
The sinus-auricle and auricle-ventricle intervals are both lengthened 
with increasing On-, while there is an — Cn · for the frequency 
of the rhythm of the sinus. 


In conclusion, we wish to express our thanks to Mr G. R. Mines 
for the help and advice he has given throughout this research. 


Pharm. and Exp. Ther. v. p. 215. 1914). Clark shows that if when a systolic condition 
has been brought about by perfusion of fluid Og. 10, circulation of 1 0. c. of fluid be 
established, the heart gradually relaxes, and the beat improves. The On of the circulating — 
fluid is then found to be 10~’. ee 
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PHYSIOLOGICAL SOCIETY, 
October 18, 1913. 


Hydrogen ion concentrations limiting automaticity in 


different regions of the frog’s heart. DorotHy DALE 


C. R. A. THACKER, 


| By perfusion of (a) a intact heart, (ö) the sa 
preparation and (e) the ventricle preparation with Ringer solutions of 
various measured hydrogen i ion concentrations, we have found that the 
limits of hydrogen i ion concentration within which the development of 
automatic rhythm is possible differs for the different chambers. : 
The results of a large number of experiments lead to the conclusion 
that the sinus will beat automatically in an acid solution in which the 
auricle cannot originate a rhythm although it may remain excitable. 
Further, the auricle can beat spontaneously in a solution “ too acid” for 
the development of automatic rhythm in the ventricle. 
Similar differences appear also on the alkaline side. The auricle 


will beat rhythmically in an alkaline solution in which sinus tissue is 


quiescent, while the ventricle will start beats in a solution “ too ‘alkaline ” 
for the auricle. 

With the solutions we have used, at a temperature of 16°-20°C., 
the limits of Cy. for origination of rhythm in different regions of the 


heart are roughly as follows: 
| Add hn Alkaline limit 
Sinus venosus On- 10-* to Ox. 105 
Auricle Ox. 10. to 10-106 
ventriele Og 10% Og 
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In a number of experiments an auricle-ventricle or a ventricle 
preparation was made from a heart of which the sinus Cy. limits had 
already been determined. It was always found that a more alkaline 


solution was needed for rhythm to start in the auricle or ventricle than 


in the sinus. 

During perfusion of the intact heart with solutions of diminishing 
Cx: it was frequently observed that at one stage the beats originated in 
the auricle while later the ventricle became the pacemaker. Thus a 
reversed rhythm could be brought on at will simply by perfusing a more 
alkaline solution. On reverting to a less alkaline solution the normal 
sequence was restored, V 


Tue dissociation of CO, from human blood. By JOHANNE 
CHRISTIAN SEN, C. G. Douatas, and J. S. HaLpANE. 


With a view to the elucidation of several problems connected with 
respiration we have worked out curves showing the relation between 
partial pressure of CO, and the volume of the gas absorbed by fresh 
defibrinated human blood at 37°. In presence of mixtures of air and 
CO, the curve differs considerably from that given by Bohr for dog’s 
blood and ox-blood. At 40 mm. CO, pressure human blood absorbs — 
about 50 volumes per 100 volumes of blood, and the dissociation curve 
appears to be practically constant for each individual under normal 
resting conditions. 5 

We have also found that at 40 to 60 mm. pressure of CO, the blood 
absorbs about a tenth more CO, when no oxygen is present than when 
the hemoglobin is saturated with oxygen. This fact appears to be of 
great physiological importance, since (1) rise of CO,-pressure, and, 
consequently of hydrogen ion concentration in the venous blood, is 
greatly reduced: (2) the giving off of CO, as the blood passes through 
the lungs in a single round of the circulation must apparently be 
increased by about 50% in consequence of the hemoglobin becoming 
saturated with oxygen. The effect of oxygen on the CO,-carrying 


function of the blood seems to be much more important than the effect 


of CO, on the oxygen-carrying function. After holding the breath for 
a given time the alveolar CO, percentage was found to rise higher when 
abundance of oxygen was present than when the oxygen percentage was 
low; and this fact first drew our attention to the probability that 


oxygen helps to expel CO, from the blood. 
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A syphon outflow-recorder. By J. A. Gunn. 

The following adaptation of Knowlton and Starling's apparatus 00 is 
suitable for. recording the outflow of fluids from the perfused isolated 
heart, requires no special apparatus, and can be made in a few minutes. 

This method is based on the principle that the collected fluid drops 
into a receiver and syphons itself off in constant amounts, the point of 
syphoning recording itself on a tambour. 

Apparatus on this principle may be made in a variety of ways of 
which, for convenience, the simplest is here described, 
with a diagram (Fig. 1). 

A cylindrical measure (A) may be used as the 
receiver. A cork (B) with three holes is fitted into 
its upper end. The holes admit a glass funnel (O), ee 
the shorter limb of a U-shaped piece of glass tubing (Y 
(D), and a slightly curved piece of glass tubing (E) 
which is connected with a Marey’s tambour. 

The. fluid collecting in the funnel drops into the 
measure. When the level rises just above /,, the . 
fluid between the levels I, and J, syphons off, and 
the same amount of fluid automatically syphons | 
itself off whenever the level l, is reached. | 

From the time that the fluid reaches the lower A 
end of tube T until it syphons off, it rises in this 1 
tube and distends the tambour. When the fluid | | ; 

_ syphons off the tambour is suddenly sucked down. Fig. 1. 
The sudden dejection of the lever thus produced 

indicates the time at which the fluid syphons off. 

The accuracy of the apparatus may be tested in the following way. 
In Fig. 2 is shown a record of the regular drip from a water tap, with 
a time-marking in seconds and a note of the outflow at each syphoning 
(which was separately measured). The amount which syphons off is 
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constant (10 0.) The tracing records it accurately, weir ene 
occurring at equal intervals (20 seconds). 

The following points may be mentioned. The U-tube (D) should 
have a fairly wide bore so that the fluid is emptied quickly and 
completely. The neatest tracing is obtained by having a funnel with 
a roomy neck and tapered end so that the drops do not collect in it. 
The amount of excursion of the tambour can be adjusted by raising or 
lowering E. Plasticine may be conveniently used instead of a cork. 

With slight modification (not figured) this variety of Knowlton and 
Starling’s device can be made with a syphonage of only 2 C., and which 
will record very accurately a flow of from 1c.c. up to 25 Cc. per minute. 


REFERENCE. 


(1) Knowlton and Starling. Tele Journal, p. 206. 1018; also Ishakawa 
and Starling, ibid. Xv. 164. 1912. 


Comparison of the wild duck with the tame duck in regard 
to O,-metabolism, heart-size and pulse-rate. By F. BucHanan. 

From what was known about the CO,-output, the percentage weight 
of the heart and the pulse-rate in the tame duck, and about the 
percentage weight of the heart in the wild duck, I inferred (Science 
Progress, Xvn. 1910, pp. 67-68, and Smithsonian Report for 1910, 
pp. 493-494) that the pulse-rate of the wild duck would be found to be 
not much more than half that of the tame duck on the assumption that the 
CO,-output per kilo, per hour were found to be somewhat greater. (By 
an oversight the word less appeared after “somewhat” instead of the 
word “greater.”) I have recently succeeded in obtaining the use of two 
wild ducks, and Dr Haldane has been kind enough to determine the 
respiratory exchange of one of them. The Or intake and CO,-output, 
per unit weight and time, proved to be considerably. greater in the wild 
duck, and in accordance with this fact the pulse-rate was found to be 
a sie deal more than half that of the tame duck. 


Respiratory exchange 
Weight rms per kilo per hour at 8. T. F. „ 
Tame 2060 1°66 1-62 0-71 240 20 17 
‘Wild 1010 185 210 150 
„ 2°82 2305 0-72 196 281 170 


II the output of blood per beat were the same, relatively to the size 
cf tho a th tose, the heart ofthe vid dock. would be 


4 
1747 
2 
ng 
4 
ir 
‘a 
* 
4 
5 
a 
a 
N. 
4 
An 
1 
on 
4 
4 
‘4 
4 
9 
5 
a 
* 
Lig 
1 
f 


SOCIETY, OCT. 18, 1913. „ 


required to beat about 345 times a minute (240 x55) in order to 


maintain a supply of oxygen to the tissues equivalent to that supplied 
in the tame duck. But we know that the percentage weight of the 
heart is about 17 times as great in the wild duck as it is in the tame 
(1:06 % to 0°63°/,), and should the output per beat be greater in about 
the same proportion, the pulse-rate of about 200 a minute is what we 
would expect. 

With regard to the form of the electrocardiogram, that of the wild 
duck agrees with that of the pigeon in having a well-marked T. wave in 
the same direction as is usual in mammals, whereas that of the tame 
duck resembles that of the hen in having no 7-wave but showing a slow 
subsidence after the R-wave, which itself, as in all birds, is in the reverse 
direction to what it is in normal mammals and reptiles. 


(Expenses conneciod with the work have been defrayed out of grant from the 
Royal Society.] 


Periodltty in urinary Cowie 
Memorial Research Fellow. | 


During the course of experiments on unanesthetized a specially 
trained to retain a urethral catheter during the experiments, I have 
frequently noticed that the urine is not excreted regularly, but that the 
excretion follows a series of waves. These waves possess a regular 

periodicity. Usually five or six consecutive waves consisting of perhaps 


Drop-record of urine flow. Time-marki d 


three or ithe drops each are recorded, a short pause occurring . 
each series of drops. This is succeeded by an exaggerated wave con- 
sisting of double the number of drops comprising each of the preceding 
waves. This cycle of events may then proceed for an indefinite period. 
I have not succeeded in observing this phenomenon in anesthetized 
animals, nor in animals in which the abdomen has been opened. To 
observe the condition it is essential that the catheter be accurately 
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adjusted and retained in one position, so that the amount of residual 
urine in the bladder does not vary. The condition is of course not 
noticeable except when the excretion of urine is fairly abundant, 
The obvious explanation appears to be that the ureters are in active 
peristalsis, and that each peristaltic wave expels a certain volume of 
urine into the bladder; also that as a rule the ureteral peristalsis is not 
simultaneous on the two sides, but that it may occasionally happen that 
the two ureters expel their contents at the same moment, the result 
being a gush of urine from the catheter, consisting of double the usual 
number of drops. If this explanation is correct, it should be possible to 
obtain a series of gushes, somewhat as follows:—from right ureter 
3 drops—pause—from left ureter 3 drops—pause—from right ureter 
3 drops pause from both ureters together 6 drops pause from left 


ureter 3 drops pause from right ureter 3 drops —and so on. 


Certain phases of the positive aſter- image. By F. W. EpRIDGE- 

If two rectangular strips of white paper about three inches long and 
a third of an inch wide be placed on a piece of black velvet and separated 
by a distance of an inch, definite positive after-images may be obtained 
of the two strips by viewing them with one eye, the eye being directed 
to a point midway between the two strips of paper, the other being 
closed and covered with black velvet, for the shortest possible time the 
eye being simply opened and closed. Two clear cut positive after- 
images will first be seen; these rapidly become blurred and gradually 
approach each other, the central portions of each appearing to bulge 
towards each other and to combine first; the upper and lower portions 
disappear first, the two after-images gradually combine in the centre of 
the field of vision, the last phase being a white circular blur which 
slowly disappears with a whirlpool movement. It will be noticed that 
the after-images do not become negative. The phenomenon is explained 
by the circulation of fluid which appears to take place in the rod and 


cone layer of the retina carrying decomposed * substances 
to the centre of the retina. : 
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The action of strophanthin upon the excised frog’s heart. 
By A. J. Chark and G. R. Ms. (Preliminary communication.) 


The action of strophanthin was studied upon frogs’ hearts isolated 
and perfused by the method described by one of us‘, and records were 


taken of the electrical and mechanical responses of the hearts with the 


apparatus described elsewhere“. The experiments were made in the 
summer on Rana temporaria, at temperatures between 18°C. and 20° C. 
Amorphous strophanthin (Burroughs and Wellcome) at a dilution of 
1 part in 1,000,000 of Ringer was used in all cases. 

An example of the results obtained by measurement of the records 
is given in Fig. 1, 

At the concentration chosen strophanthin produces an e e 
effect on the electrical and mechanical responses of the heart which 
differs strikingly from its later action. 

In the first (or therapeutic ”) stage: 

The frequency is unaltered or slightly increased. 

The A.- v. interval is unaltered or slightly diminished. 

The duration of the electrical response of the ventricle is increased. 

The duration of the mechanical response of the ventricle i is in- 

creased. 
The amplitude of the . response of the ventricle is 
increased. 


This stage lasts 3 for about ten minutes and then gives place 
to the second or toxic stage, in which: 


The frequency is diminished, 
The A.-v. interval is increased. 
The duration of the electrical response of the ventricle is diminished. 
The duration of the mechanical so pron of the ventricle is 
increased, 
The amplitude of the mechanical response of the ventricle is 
diminished. 


Much attention has been paid by previous Gerbe to the action 
of strophanthin in causing systolic arrest: we found that under the 
conditions of our experiments systolic effects did not appear until late 
in the toxic stage, they are therefore of secondary importance. 

From the observations on the electrical responses we may state that 


1 Clark. Journ. Pharm. and Exp. Therap. tv. p. 399. 1913. 
2 Mines. Journ. Physiol. xuvi. p. 188. 19138. 
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in the “therapeutic” stage of its action strophanthin increases the 
duration of the excited state in the ventricle: in the “toxic” stage, it 
greatly diminishes the duration of the excited state and ‘also — 
its iad of from to 
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Fig. 1. Action of strophanthin upon the excised frog’s heart. n 


O Duration of cycle. 


* Duration of the mechanical response of the ventricle. 


„ Duration of the 4. -v. interval. 
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The blood volume and surface area of cold-blooded animals 
—frogs and lizards. By H. K Fay (introduced e * Ainley 
Walker). (Preliminary communication.) 


At the suggestion of Prof. Dreyer I have carried out, in the 
Department of Pathology at Oxford, a series of observations on the 
blood volume and the surface area of cold-blooded animals, as — 
by frogs and lizards. 

From these experiments it appears that the blood shies of frogs 

(R. temp.) and lizards (L. agilis) is satisfactorily expressed by the formula 
B=k.W*, where n has a value of about 1°92, and & is a constant to 
be ascertained for the particular species. Thus it appears that the 
blood volume of these animals is neither proportional to the body 
surface as in warm-blooded animals, nor to the body weight, but 
increases with increasing weight of the animal more rapidly than the 
weight. 
There exists a direct proportionality, however, as has been pointed 
out by Dreyer and Ainley Walker, between the weight of the osteo- 
muscular system of these animals and their blood volume, seeing that 
the weight of the osteo-muscular system appears to conform to the 
formula M= k. N, where n has a value approximating to 1°2. - 
When male and female ‘frogs are taken separately, a sexual dif- 
_ ference is found similar in character to the sexual difference shown to 
exist in warm-blooded animals, namely that male animals have rather 
more blood, and a somewhat higher percentage of hemoglobin in their 
blood than female animals of corresponding weight. Thus the males 
have a higher total oxygen capacity than the females. | 

As regards the surface the best u for my frogs in the formula 
S=k.W® is 0°68, giving an average k of 11°2 for frogs and 11°6 for 


3 
5 14°86 0°619 42°3 4°17 0°631 _ 0690 | 10°29 
7 418 448 0778 060 468 
6 M2 415 06% 0% 12 
6 2661 1258 404 469 1. 960 1-46 6˙47 


4 
1 
* 
a 
Fe. 
2 
55 
as 
a 
4 
li 4 
1 
; E. 
*. 
AS 
1 1 
II 
IV = 
> Ze U U 
¥ 
aw 
* 
* 
4 


PROCEEDINGS OF THE PHYSIOLOGICAL 


By Kaas, x 8, 
and E. P. POULTON. 


The pressure of carbon dioxide in the alveolar air falls with the 
3 acidosis of diabetes, rises under the administration of sodium 
bicarbonate and during coma reaches a very low point. These results 
of the observations by Beddard, Pembrey and Spriggs have been 
corroborated by Straub and by Fredericia. 

In the following series of cases there are several points of intoest, 
Diabetic patients discharging large quantities of sugar in the urine may 
have a normal value for the alveolar carbon dioxide (40mm.); the 
determining factor appears to be the extent of the acidosis, Healthy 
men deprived of carbohydrate food show values below the normal. In 
the diabetic patients the pressure of the alveolar carbon dioxide fell 
suddenly one or two days before the fatal onset of coma. This is 
particularly well marked in cases A. 45 and S. 19. The estimation of 
the alveolar pressure of carbon dioxide by Haldane’s method is at 
present the best guide to the prognosis and treatment of diabetes; 
a value below 25 mm. is of grave significance and one below 20 mm. 
indicates that coma is imminent. Estimations of the total acetone 
bodies are not of such importance from the prognostic point of view; 
variations in the absolute amounts do not run parallel with the alveolar 
carbon dioxide and give no indication of the onset of coma. 

A reversible reaction takes place in the body between 8-oxy-butyric 

acid and aceto-acetic acid, the change being in the one case an oxidation, 
in the other a reduction (Neubauer, Dakin, and others). If the 
kidney does not discriminate between these two acids, their relative 
proportions in the urine should indicate the equilibrium point of the 
reversible reaction within the body, 

Neubauer’ states that when the amount of acetone bodies 3 
is large, the 8-oxy-butyric,acid forms 60 to 80% of the total; when the 
amount is small, the proportion of this acid is somewhat diminished. 
For the sake of brevity, one may speak of the percentage of the total 
acetone bodies which 8-oxy-butyric acid constitutes as the “ _ si all 
the substances being expressed as acetone. 

Neubauer’s results have been confirmed, but the connection 
between the B- ratio and the total output of acetone bodies is by no 
means close; large differences in the total output, either in a series of 


4 Verhandlungen des deutschen Kongresses fr inner Medizin, XXVII. p. 566. 1910, 
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cases or on successive days in the same case, may have no distinct effect 
upon the ratio. Some of the results indicate that the equilibrium point 
is connected with the degree of acidosis, as shown by the alveolar carbon 
dioxide, rather than with the absolute amount of acids produced. The 
g- ratio tends to rise when the alveolar carbon dioxide falls, which would 
indicate that a higher degree of acidosis favours the reducing change 
of the reversible reaction. Possibly, however, the higher proportion of 
B-oxy-butyric acid in the more marked cases of acidosis is due to a 
washing-out of acetone sige the blood * the increased * 


ventilation. 
Tote — 
Alv.CO, 8. 22 
Condition Subject 1918 mm. ratio gr, Remarks — 
D. 26. vr. 365 40°5 0°786 nd day protein and fat diet. Healthy man 
17 E. P P. 19. V. 88°3 56°4 0 923 2nd 95 99 | 
20.v1. 3870 554 100 3rd 
G. G 80. v. 840 52:0 0583 and „ 75 55 ey 
* 25. vi. 67˙0 2°29 8rd. ” ” 
Diabetes A. 48 20. v. 887 402 09019 598 
4. 12 18. v. 3861 644 0974 Dia o diet. No sodium bioarbonate. 
„ 20. v. 651 


A. 47 21. m. 696 Over 100 grins, sodium bicarbonate on each of 
22. 464 710 
2. 891 728 146 sodium bicarbonate per 


3. vim. 31°4 158 
9. vm. 403 759 222 this 
11. vm. 878 71°5 17˙0 and following day. 
18. vm. 38°3 240 
18. vm. 343 29°3 Dow of bicarbonate 46 gms. on thi 
19, var. 86°6 73°4 29°7 and following day. 
20. vax. 86°2 74:3 16°4 
819 N. v. 412 — — Zodium bicarbonate given 
80. v. 29°83 34.2 Onset of coma 2. Vr. Death the same 
A. 40 11. m. 188 880 246 Onset of come 12. . Death on er 
15 12. m1. 8 ˙7 4 ratio in urine at a 77°7; in blood 65: 
A. 45 25. 1. 274 820 192 grms, sodium 1 until 
‘i 2.vm. 270 769 181 2 vi, when 76 grms, were 
4.vm. 269-739 15 
V 
8. w. 88 — Onset of coma 8. vn. 
E. 17 18. yr. 1 — —  B-tatio in urineatan 68°4; in blood 60°9. 
20. vnn. — — 


Onset of coma 8 hours sample 20th, 
death 6 hours later. 
autopsy 66-6; in blood 
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Water in expired air. By W. A. OsbonNE 

From the Physiological Laboratory, University of Melbourne.) 
The amount of water eliminated by the respiratory system has 
recently been measured by Galeotti’ who found that if the expired air 
be taken to have a temperature of 37°C., it is not fully saturated with 
water. vapour, as is usually assumed, but something like three-fourths 
saturated. Loewy and Gerhartz* commenting on this work point out 
that the assumption made is not correct; that in fact the temperature 
of the expired air is not 37° C. but between 32˙5 C. and 335°C. Some 
_ experiments which I carried out about a year ago confirm by a quite 
different method the conclusions arrived at by these investigators as 
regards the mass of water eliminated. The plan was to measure by 
a De Grave human balance the loss of weight per hour when practically 
all evaporation from the skin was prevented by a rubber suit and at the 
same time to estimate the volume of expired air. The rubber suit was 
one piece from the feet to the neck at which it could be tightened by 
a tape m a slot. A helmet of rubber continued into a deep gorget 
covered the head and was pierced by two small holes for the eyes, one 
triangular hole for the nose and a hole sufficiently large to accommodate 
the mouth-piece of a Zuntz respiration meter. At the first experiment 
_ I discovered that the loss given by the balance was well below that 
calculated from the volume of expired air when the latter was taken as 
saturated with water vapour and at a temperature of 37°C. I repeated 
the experiments and got fairly consistent values. I next recalculated 
the results on the supposition that the temperature of the air was only 
85°C. and saturated, but still found this to be too high. But good 
correspondence was obtained when I assumed the temperature to be 
— 33°9°C. At this temperature and at 760 mm. Hg a litre of air saturated 


with water vapour will, according to the tables, contain 0°03699 gramme 


H. O. In calculating out my results I found it sufficient to take the 


as 0-037. 


This temperature, 33:9°C., is a little higher than that given by 
Zunts and Gerhartz. It is probable that the rubber suit conditions 
a slightly higher temperature in the upper respiratory passages, Indeed 
the experiment could only be carried out in winter as a dangerous fever 
was rapidly developed on the one occasion in vie the external air 
temperature was 

The above is part of a 5 Wie which I have been 
carrying out with the aid of a grant from the Government Grant 
Committee of the Royal Society. 

1 Biochemische Zeitschrift, XI VI. p. 173. Ibid. xuvu. p. 843. 
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eee of activity on automatic rhythm in 
heart muscle. By G. R. MINEs, 


Erlanger and Hirschfelder’ and have drawn 
to the fact that if a spontaneously-beating mammalian ventricle is 
stimulated so as to make it beat faster, the automatic rhythm, after 


stimulation, is for a time distinctly slowed. 


The same is true of a frog’s ventricle and of the ventricle or 8 


ventricle preparation of an elasmobranch fish. The heart of Octopus 


behaves differently. If excised and left on a glass plate it beats 
infrequently, 69. 1 or 2 per minute. If stimulated electrically for 
several seconds (about five induction shocks per second throw it into 
complete tetanus), on cessation of the stimulation a series of spontaneous 
beats appears. These beats are separated at first by intervals of one 
second or less, they soon fall off until the old state of quiescence or 
very slow rhythm is attained. 

Many experiments go to show the existence in heart muscles of an 
optimal Cn. for the development of automaticity The value of this 
optimal Cy. differs not only for the hearts of different species“ but 
also for different regions of the same heart‘. Miss Dale and Thacker 
have shown that the optimal Cy. for automaticity in the frog’s ventricle 
is low, e.g. about 10, while I have shown that for the heart of the 


molluse Pecten it is much higher, e.g. about 10. 


These facts suggest a simple hypothesis to account for the 8 
in the after effects of stimulation on the octopus heart and on = 
ventricles, 

_ Assuming that excitation of the octopus heart as of the 3 
W leads to formation of acid, forced activity will in both instances 
cause increased CHR. But while in one case the change may be towards 
the optimal value, in the other case it is away from it. 3 


2 Erlanger and Hirschfelder. Amer. Journ. Physiol. xv. p. 168. 1905. 
2 Qushny. Heart, ur. p. 257. 1912. 

* Mines. Journ. Physiol. XII. p. 467. 1912. 

* Dale and Thacker. Proc. Physiol. Soc. Oct. 1913, 
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The reversal of “irreversible” hydrosols aggregated by 
traces of “protective” colloids. By G. STanitey WALPOLE. 
(Preliminary communication.) 


The observation that an irreversible hydrosol of gold, mastic or oil 
could be aggregated immediately by a minute trace of albumen, 
globulin, or gelatine in the presence of hydrochloric acid insufficient 
in amount to aggregate the sol alone, even after many hours, has led 
to a further investigation of the phenomenon. The following diagram 
represents as a typical case the relationship between the concentrations 

of gelatine and of hydrochloric acid, and the state of aggregation of the 
particles of a particular oil sol two hours after mixing equal volumes of 
all three. | 


1+ 


4 4 
0 =| 2 


Exponents of gelatine concentration 


The negative exponents of the normality of the hydrochloric acid and 
of the concentration of the gelatine are plotted as ordinates and abscissee 
respectively. The area ABCD includes all points where aggregation of 
the oil particles takes place. 

It will be seen at once from the diagram that 

(1) With pure water all strengths of acid up to 10-*N fail to 
produce a change. (The actual normality of the acid in the mixture 
is 10-**N since equal volumes of the three constituents are taken. 
log 3 = 477.) 

(2) If now 1 in 100,000,000 gelatine be used instead of pure water, 
aggregation is observed with less acid than is required to produce 
aggregation using pure water. : | 
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(3) Increasing the quantity of gelatine from 10 to 10 involves 
a corresponding decrease in the amount of acid necessary to produce 
a change of the state of the sol. Beyond this strength of gelatine no 
amount of acid from infinite dilution to normal can induce aggregation. 

(4) With gelatine solutions of concentration 10% to 10-“ a new 
phenomenon is observed. An intermediate zone is established where 
with some acid concentrations above that required to bring about 
aggregation no such change occurs. In this case where the acid 
concentration is more than 10-**N the phenomenon is the ordinary 
one of “protection.” At the limiting point where aggregation occurs 
with the maximum possible quantity of gelatine (10% the conditions 


are sharply defined. Acid of concentration 10 N produces complete 
_ aggregation rapidly; concentrations 10 N and 10-**N of acid have 
no visible effect. 


It was anticipated that aggregations due to a “ protective colloid” — 
acting in this way would be reversible—those in the region B by the 
action of alkali only, and those in the region A by either alkali or acid. 
The alkaline reversal is readily obtained. The addition of a trace of 
alkali to an “irreversible” hydrosol aggregated in this manner brings 
about disaggregation at once. A blue gold sol, for example, turns 
red again, while a flocculated mastic suspension disperses. The acid 


reversal has not yet been realised. 


Microscopic and ultra-microscopic investigation of various aggre- 
gations demonstrated that those in region A are of a different nature 
to those in region D. Examination of oil sols showed that in the 
former case the particles consisted of agglomerations of numbers of the 
origina] minute particles, while in the latter they were drops of oil. 

There is no change of sign of the electric charge of the disperse 
phase involved in aggregations brought about by traces of gelatine, 
globulin, etc. In the diagram a line XY has been drawn dividing it 
into two parts, one embracing all points where the charge on the 
particle is —, as it is in the original sol; the other taking in all points 
where the sign of the charge on the particle is reversed. 

In other experiments where NaCl, CaCl, and LA( NO,). 
instead of HCl similar results were obtained. The Na‘, Ca“, La“ ions 
resemble the H- ions in that a trace of gelatine eee ee e 
may accelerate aggregation enormously. 
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ventricular junction. By A. F. Sraniey Kur. 


(From the Physiological Laboratory, University of Bristol.) 


_ Specialized muscular tissue has been described in two situations of 
the mammal’s heart, namely, at the upper end of the auriculo-ventricular 
bundle in the interauricular septum, and at the junction between the 
superior vena cava and the right auricle. 

The tissue found in these situations is composed of fibres which 
may be broad, with much sarcoplasm, resembling Purkinje. fibres, or 
narrow, forming a rich interlacing network, the branches of which are 
often excessively slender. Such networks have a syncytial character. 
The nuclei may be more numerous than in ordinary cardiac fibres, and 

may vary in shape, The tissue is very richly supplied with blood, and 
the nervous elements, which are also abundant, are associated with the 
muscle in some way not at present thoroughly understood. 

Some authors describe an extraordinary resemblance between nerve 
fibres and the elements of the specialized tissue. 

The microscopical preparations, photographs, and drawings which 
accompany this communication will show that a tissue with similar 
characters exists also i in other situations. The special situation illustrated 
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is the right lateral aspect of the heart, the sections having been taken 

through the junction of right auricle and right ventricle. 

_ As will be seen, the modified tissue is closely associated with normal 

cardiac muscle, and is surrounded by it in such a way that there is 

formed a column of tissue, cut transversely in the sections, the outer 

border of which is composed of normal tissue, whilst the fibres inside 
are of the modified type. 

A mass of dense connective tissue bounds the column on two sides, 
whilst within the structure a large quantity of loose connective tissue is 
present between the fibres. The blood supply is very rich, the muscle 
fibres are much branched and form an interlacing network, the branches 
of which are often exceedingly slender. The transverse striation of the 
fibres is well marked. The network has in places a syncytial character. 
Nervous elements, both nerve cells and nerve fibres, are sometimes 
abundant, and it is occasionally difficult to ee between nervous 
and muscular tissue. 

If traced through a number of sections the centre of the column 
is found to lose its specific character, and come to resemble ordinary 
cardiac muscie, The special tissue in the column illustrated runs 
through about 3mm. The column is about 0°5 mm. in diameter. 

The close association between the ventricular muscle and the 
specialized tissue should be noted. It is of interest inasmuch as similar 
tissue occurs in other situations where there exists a conducting path 
from one chamber of the heart to another. 3 


| This research has been assistod by a grant from the Research Fund of the Uni- | 
versity Colston Society. 


Fatty acids of hen’s eggs. By V. H. Morrram. 


In the course of control experiments on the influence of incubation 
on the fatty acid iodine value of fertile eggs—involving the analysis of 
over fifty eggs—a series of observations has been made having value 
independent of the main research. 

1. The mean iodine value of the fatty acids from eggs is fairly con- 
stant no matter what the locality and breed. This is true even if the 
eggs have been allowed to age somewhat. Four new laid eggs from A 
have mean value 87; others a week older 85°5; a third quartette, two 


- weeks older 85°75. Two, of doubtful age, from B. 86°75. Two, new 2 7 
from ve 86. 
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2. Nevertheless, in any one breed and locality, there is considerable 
variation from the mean. Twelve eggs from A (mixed stock) varied 
between 80 and 99. 26 eggs (Buff Orpingtons), from A varied between 
81 and 97. 

individual peculiarities. One will deposit high iodine value fatty acids, 
another low. £.g. hen 68 deposited in the eggs fatty acids with iodine 
value 96-97. Even after moulting the figure was as high as 94°5. 
Hen 68's iodine value is 81. 

4, There is a remarkable constancy in the iodine value of any one 
hen. Ey. hen 69 laid five eggs with iodine value varying between 89 
and 91. A pair of eggs from 67 treated identically (incubated 12 
days) had almost identical iodine values: 90°5 and 91. A pair from 69 
had values absolutely identical (88°5 and 88°5). __ 

5. Infertile eggs of widely differing iodine values, approximate in 
iodine values on incubation. Four new laid eggs ran 83, 89, 99, 99, 
mean 92°5; incubated 8 days, 95, 96, 92, 95, mean 94:5; incubated 21 
days, 90, 91, 92, 93, mean 91°5. This might be explained by an 
oxidation of the high value fatty acids and a desaturation of the 
low. But this suggestion can be confirmed only by working with 
infertile trap-nested eggs. 

6. A similar observation has been made on incubated fertile eggs. 
As a whole incubation affects the iodine values but little. There is, 
however, evidence, in the case of a hen laying low iodine value eggs, of 
a rise in iodine value during the first week of incubation. The iodine 
values ran 81, 83, 88, 80, 83°7, 86°3 for the new laid, 4th, 8th, 12th, 
16th and 19th days of incubation respectively. There is a peak on the 
8th day followed by a drop. Two other hens show the same peak on 
the same day, with a fall immediately after. 

Consequently, there is evidence that, in the first week of incubation, 
whether the eggs be fertile or infertile, there is a rise, small but outside 
the error of experiment, in the iodine value of the fatty acids of hen’s 
eggs. If this be confirmed by further experiment we shall have a case 

the liver. 
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Relation of Haney weight tothe total body weight in oats 
By H. E. Roar. 


The following —— were made on cats after killing them 
‘at the end of other experiments’. The cats were weighed and the 
kidneys were removed, decapsulated and weighed. Cats are very 
suitable for these observations because, as a rule, they contain very 
little fat. Very fat subjects might be anomalous as the fat. is not active 
tissue and would presumably have no corresponding effect on the size of 
the kidneys. 

By dividing the kidney weight by the proper ‘function of the body 


weight a constant should result, 1.6. (odr wee =K. The best 


method of comparison is to correlate, with the body weight, the values 
of K obtained by using various powers of the body weight. The value 
that gives the least correlation is that which expresses the relation of 
the kidney weight to the body weight. The method of correlation was 
the Foot Rule method of Spearman’. 

The tables show the results obtained and Mey. include the measure- 
ments mentioned in a preliminary communication’. The low correlation 
corresponding to the 1°5 power of body weight indicates that the kidney 
weight increases more rapidly i in proportion than does the body weight. 
This shows that the kidney i is not related, like some other organs, to the 
skin surface‘ unless it is some reciprocal relation. 

Dreyer and Walker state that the osteo-muscular system of frogs 
increases in proportion to the 12 power of the body weight“. It is not 

unthinkable that the oe may be 9 to the of ne 
skeletal 


Taste IJ. 


Correlation aaa weight of kidneys | 


weight of kidneys 
of weight of cat with (weight of r=008 


Correlation of weight of cat with of r= 


(weight of cat)? 


1 H. EB, Roaf. Quart. Journ. of Exp. Physiol. v. 81. 1912; vt. 398. 1913. 

2 C. Spesrman. Brit. Journ. Psychol. 1. 89. 1906. 

H. E. Roaf. Journ. Physiol. IAI. 1912; Proc. Phys. Soc. p. XXVII. 

* G. Dreyer, W. Ray and E. W. Ainley Walker. Proc. Roy. Soc. B. LxxXVI. 56, 
1912, 

G. Dreyer and E. W. Ainley Walker. Lancet, Oct. 25th, 1918. p. 1177. 
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TaBLe. II. | 
We. of cat Wt. of Wt.ofkidneys Wt ofkidneys Wt. of 
{in kilos.) (Wi of eats: 
2°69 31˙2 11°56 7°07 4°33 
2 2°36 21°6 9°16 5°06 3°89 
8 M 2°45 22-2 9-07 5°80 8°71 
4 F 2047 20˙2 9°86 6°89 4-83 
22°4 9°42 6°12 3°95 
6 F 1-686 15-0 8-90 6°85 5°28 
7 M 2°014 16˙4 8°13 5°76 4-05: 
8 M 8°31 44°9 13°55 7°48 4°45 
9 oa 2-48 28°3 11°40 7°28 4°60 
10 F 2-06 18˙9 6°75 4°70 8°29 
11 hag 2°92 13°83 8-08 4°78 
12 M 3-04 43 ˙4 14°28 816 4°69 
| 18 M 185 1817 9°74 8-39 7.4 
M 2°64 23°22 8˙81 5˙45⁵ 3°35 
15 M 8-025 80°85 10-20 5°87 588 
16 3°875 44°0 11°35 78 2°93 
17 M 2°95 81°36 10°60 6-18 360 
. 16 F 1-85 19°82 10°56 5-78 
5 19 M 2˙80 27 0 9656 5°77 3°44 
5 20 F 1°875 19°40 10°36 7 5°54 
5 21 F 2°55 30°10 11°80 7°42 4°63 
8 22 F 2:35 27°40 11-65 7-62 4-97 
a 23 F 2°80 22˙9 8˙18 4°89 2°92 
24 8°65 55-7 15°25 8°03 4°20 
25 X 3°05 42°05 13°78 7°90 4°53 
26 M 3°75 44°3 12-12 611 3˙18 
27 M 3˙15 40°65 12°90 7°28 4°11 
28 2˙40 17°85 7°44 4°81 310 
29 F 8°40 30°75 9°04 4-89 2°65 
30 M 2˙90 35˙32 12°15 7:12 4°20 
31 M 2-875 34°85 12°12 T17 4°23 
92 M 3°40 40°1 11°80 6°39 3°45 
83 M 2°50 19°47 7°80 4°93 3˙11 
34 F 2˙35 16°80 6-94 4-53 2°95 
85 2°15 16°10 7°48 5°10 3°48 
86 | 1875 17°72 9°46 690 5°07 
87 F 2°45 23°54 9°60 6°14 3-93 
88 F 2°50 24°72 9°88 6°25 3°95 
39 M 8°40 87°15 10°92 5°91 3-20 
40 F 2°45 8°44 5°40 8°45 
41 F 2-90 18-02 6°28 8°65 2˙15 
42 M 2°875 26°85 9°34 5°52 3°26 
48 X 2°80 38°7 13°82 4˙93 
44 2 32˙6 11°18 6°50 3.81 
45 F 2˙10 16˙4 7°80 5°39 3°73 
46 FF 2˙45 28 ˙5 9°60 6°13 
47 M 2°30 2854 10°24 677 4-44 
48 NM 8°95 52°25 13°23 6°69 8°35 
49 — 3˙10 36°60 11°80 6°78 8°81 
Average (49 2-68 0 6°39 
Average 
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Periodic respiration. By H. d. Barzour. (Preliminary com- 


thunication.) | 


The cardiac (true Cheyne-Stokes) type of periodic respiration is 
seen in experimental morphine poisoning in cats. (See tracing.) The 


associated waves of blood-pressure afford an explanation of the respira- 


tory phenomena. 

The falls in blood-pressure are due to asphyxia of the heart, as is 
shown by the following experimental results: (1) Pulse-rate and 
blood-pressure fall together, even after section of the vagi, and (2) begin 
to increase only after the first breath of air is taken (whether spon- 


taneously, as here, or artificially) ; (3) the exposed heart, under similar 


circumstances, exhibits marked decrease of rate and excursion in both 
chambers. Renewed ventilation restores such a heart; (4) the intestinal 
volume decreases with the fall in blood-pressure and increases with the 
rise, arguing against active vasomotor changes. 


Fig. 1, Cheyne-Stokes respiration. (Cat. 50 mg. morphine.) Respiration (Cushny 
; oncometer) above, blood-pressure below. Time, every 5.seconds. 


The respiratory centre is greatly depressed by morphine and does 
not react to CO, (etc.) until enough has accumulated to injure the heart 
seriously; this leads to a marked fall in blood-pressure and the 
consequent anzmia of the medulla assists in arousing the activity of the 
centre. The waxing respiratory movements are due to the CO, (etc.) 
continuing to increase at the centre which is still ansmic, and this may 
be aided by the reflexes from the lungs. The heart meanwhile recovers 
from the asphyxia, the blood-pressure rises, and when the freshly rated 
blood again reaches the medulla the waning begins. Prolonged apnwa 
follows because the blood becomes relatively over-oxygenated before it 
can reach the depressed centre. : 
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A second type of periodic respiration in morphinized cats was also 
encountered. Here the blood-pressure waves occur but are of the 
reverse type. This type was described by Filehne. Cushing and 
Eyster have shown that similar waves occur in periodic respiration of 
eerebral origin. The condition appears to arise from vasomotor paresis 
which again leads to medullary anemia. The accumulation of CO, 
stimulates vasomotor und respiratory centres at approximately the same 
time, 

Periodic respiration, although seen many times, was never without 
distinct waves of blood-pressure, All theories of periodic respiration 
which do not take into account periodic circulatory interference have 
yet to explain why the breathing does not remain rhythmical, 
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Studies on beri-beri. The 3 role of ‘vitamines 


in the process of digestion and utilisation of food. By Casimir 
FUNK. 


Recently Abderhalden and Lampé in an article published in 
Zeitsch, f. die gesammt. exper. Medizin, 1, 296. 1913, have put forward 
the view that beri-beri might be due to toxic products present in the 
rice. This view already expressed by several workers is up to the 


present moment not justified by any experiment. Abderhalden and 


Lampé have, found a new fact which in their opinion is very much in 
favour of the intoxication-theory, namely, pigeons fed on cooked rice 
live much longer without developing beri-beri than pigeons fed on raw 
rice. Their explanation was that during the cooking some toxic 
products are either destroyed or extracted. I have repeated these 
experiments and have found them to be correct. Whereas the pigeons 
fed on raw polished rice lived on the average for 29 days, pigeons on 


cooked rice lived for 43 days. We thus see that there is a considerable 
delay in the onset of the disease in birds fed on cooked rice, and although 


the destruction or extraction of a hypothetical toxin during the process 
of cooking has been offered as an explanation of the fact, I consider it 
is more reasonable to suppose that cooked rice not being so natural 
a food for birds as the uncooked grain is less readily assimilated, and 
consequently less of the body vitamine is mobilised during the assimila- 


tion of the food. A second, still more probable, explanation of this fact 
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is that cooked food being richer in water contains less nutritive elements, 


compared with the same weight of uncooked food, and therefore requires 
less vitamine to be utilised. For purpose of testing these hypotheses, 
several batches of pigeons were put on amounts of rice varying from 


erm. to 30 grms. a day, an experiment which was already undertaken ; 
by several investigators, who however did not concord in their results 


and in their interpretations of the results obtained. According to my 

experiments, pigeons developed beri-beri in a period of time depending 
entirely on the amount of rice given. Those which had 30 grms. 
developed the symptoms first, those with the smallest amount came 
last. From these facts I conclude that the onset of the symptoms is 
in a direct relationship with the amount of food metabolised, during 


which process the vitamine of the body is used up. The question which 


constituents of diet require the help of vitamine for their assimilation 
will be studied in a new series of experiments which are at present 
being performed. The already established fact that natural foodstuffs 


which are rich in nitrogen, like yeast, peas, maize, are eg ad 


rich in vitamines, indicates clearly the line to follow. 

It is a well-known fact that both in men and birds living on 
identical, but vitamine-free, diet the time the disease takes to develop 
varies. In some of the cases it appears early, 1 in others it is delayed. 
These differences were explained in my previous papers by the variations 


in the vitamine-stock of the body, and above experiments would seem 


to show that there are other equally important factors which we must 
take into consideration, namely, the amount sense the nature of the ood 
consumed. 

At the same time as the above-mentioned rice experiments were 3 
two batches of pigeons were put on the synthetical diet such as was used 
in experiments on growth by Osborne and Mendel and Hopkins. 


One batch was given an uncooked mixture, the other the same mixture 


cooked. On this diet, very rich in nitrogen (caseinogen) and up to 
the present moment considered in many metabolism experiments to 
be a complete diet, the pigeons developed unmistakable beri-beri 


symptoms even sooner than pigeons fed on polished rice. It is clear 


therefore that even a diet rich in nitrogen, sugar, starch, fat and salts 
(Osborne and Mendel’s last salt mixture, including the rare inorganic 
constituents of the body) produces beri-beri when the vitamines are 
absent; the richer such a diet is, the sooner the symptoms a | 
Further on this are in 
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The eect of OO, on the dissociation curve of hemoglobin. 
By J. Barcrorr and J. H. Mrans. 


The following dissociation curves have been found for carefully 
dialysed ein in fees. presence 1 varying quantities of OO. 


at 40°C. 
st the following 
CO, pressure mm.— | 
Oxygen pressure mm. 0 16 17 33 aay 
5 32˙5 9 5 2˙5 1˙5 
10 52 ·˙ 28 ·˙5 20 
15 62˙5 45˙5 87 30 22 
25 738 67 65 tes 53 
80 76˙9 74 73°5 71 + 645 
40 81˙5 83 84 83 1 
50 85 88 91 90 88 
60 — 91 — — 92°5 
70 — — 95 — . 
80 — — — 96 ay 
100 91 96 — 98 98 


These curves correspond to the following valves of u, the average 
number of molecules of hemoglobin in a clump, and 1 the 9 
constant in the equation : 


100 | 
CO, pressure mm. 0 7˙5 17 83 67 
2-2 26 2˙7 
11¹ 0062 00157 000497 000192 


The degree of aggregation of the molecules is very sensitive to CO, 
at low concentrations of the gas, but relatively insensitive when it 
attains the figure 2˙5, that which obtains for blood. 


On the estimation of foxy acid. By E L. 
Preliminary communication.) 


In Shaffer's method (Journ. Biol. Chem. V. 1908) the acid is 


oxidised by potassium bichromate and sulphuric acid to acetone, which 


is distilled off and estimated by means of iodine and thiosulphate. 
Shaffer obtained approximately correct yields by this method (98'8 to 
103:3°/,). It appears preferable to utilise Scott-Wilson's mercuric 
cyanide method (Journ. Phys. XIII. 1911) for the estimation of this 


acetone, since the reagent is less liable than is . to be — * 


the presenoe of other substances. 
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Scott- Wilson found the results by his method to be about 3% too 
low. The following results are taken from a large number of tests 
which have been applied to this method in the present investigation. 


Acetone in 10 c.c. 
600600 gin; weighed and 60 1 le 0 990 mg. 
8 (2) 100 6.0. of above solution estimated by iodine method () 0-961 
(3) 10 0.0. estimated by Scott-Wilson method. Mean of 
ten estimations (max. 0-980, min. 0-960) 09718 
(4) 8 0.0. estimated by Scott-Wilson method. Mean of ten | 5 


‘The application of Scott-Wilson’s method to the estimation 

of B-owy-butyric acid. 

Wen the acetone is distilled through caustic soda as recommended 

by Scott- Wilson, the iodine and the mercuric cyanide methods show 
fairly close agreement in the case of urine; when blood is treated in the 
same way, other iodine-binding substances besides acetone are formed. 
This method has been used in the investigation of a series of cases of 
acidosis (Kennaway, Pembrey and Poulton, Journal Phys. XLvn. 


1913). 
from aceto-acetic acid+acetone from g- oxy· butyrie acid 
“fodine Scott-Wilson “jodine Scott-Wilson 
method method method 
Urine 1 15˙46 15°48 42°3 41˙8 
55 2 15°59 15°83 49°06 49°45 
„ 3 14°74 14°93 50˙76 50-60 
4 48-51 41°76 111-19 106°15 
55 5 6°16 6°32 21-75 21-97 
” 6 9°91 9°12 49°31 46°40 
„* 7 4°83 5:18 24°65 24-48 
8 5°56 5-568 17-52 17-40 
5 Blood 1 11˙12 11°84 24°17 20°88 
2 12°38 12-29 28-04 24°52 


The accuracy Shaffer’s method. 


The method used i in these estimations was then sented with known 
amounts of 8-oxy-butyric acid in order to confirm Shaffer's statement 
quoted above as to its accuracy. The sodium salt was prepared from 
the inactive acid, and * four times from alcohol ; it gave 
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practically theoretical figures for C and H on combustion. When 
oxidised by Shaffer's method the yield of acetone was from 5 to 10% 
too low. While these experiments were in progress, Shaffer published 
a second paper (Journ. Biol. Chem. Nov. 1913) showing that his earlier 
results were incorrect. The results given in the third column Walon, 
were obtained in the present investigation. 5 

Shaffer, 1906 Shaffer,1918 EK. 


as percentage of theoretical 91-4. 91-9. 
amount. : 103 925 989 
102°7 93:4 

99-0 94-0 


In some cases more accurate results are obtained by adding the salt 
to normal urine; the result given by the urine alone is of course 
subtracted. The increase in yield is due to concentration by the bulk 
of the precipitate of lead compounds; the amount of acetone obtained 
is from 94 to 96 °/, of the theoretical amount. 


Note on oedema. By W. Burripee. 


There are at least two types of oedema associated with the limbs of 
frogs. These two types are: 
(a) the oedema of acidosis or function, 
(6) the oedema of perfusion or pressure. 
They are distinguished from each other by their actions on the functional 
capacity of muscle. The oedema of acidosis is accompanied by a dimi- 
nution in the mechanical response of directly excited muscle proportional 
to the development of the oedema. The indirect response is 1 
very much more than is the direct. 
Neither response of muscle appears to be N affected by 
the second type of oedema. 2 
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“The clectrocardiogram of the tortoise ventricle By 
W. A. Jotxx. 


From string galvanometer records of the electrical beat of the 
tortoise ventricle in a state of alternation, it is possible to determine 


the form of the electrical disturbance at a point in the cardiac 


musculature, It consists of a brief positive change followed by | 
negative change which endures during activity. 

The usual form of the electrocardiograth gives the algebraic sum o 
similar changes occurring under the two electrodes and Airing slightly 
in time relations. 


_. Curves a and b of the diagram represent two successive alternating 

responses of the isolated tortoise ventricle to induction shocks, The 
leading off electrodes, proximal and distal, are applied to the right and 
left edges of the ventricle respectively. The metal stimulating elec- 
trodes are applied to the surface of the ventricle at a point between the 
leads. Curve ö is an electrocardiogram of the usual form. Curve a 
gives the electrical disturbance under the proximal electrode alone and 
consists of a downward (positive) deflection followed by a negative 
deflection. Curve c, the ordinate difference between ö and a indicates 
the form of the electrical disturbance under the distal electrode. | 
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Note on summation. By W. Burrincz, 

: Calcium salts greatly favour a summation of contractions in cardiac 
muscle, 

The ventricle of the frog after appropriate treatment with calcium 


may be made to assume a condition resembling tetanus and show 
_ evidence of fatigue, These processes are assisted by potassium chloride. 


Fig. 1. + Ventricle tetanised. Tetanising current discontinued, 
Time in 10“ intervals, 


_ Calcium salts may depress the amplitude of ventricular contraction 


_ elicited by a single induction shock and greatly increase the contraction 


obtained by a series of such shocks (tetanus). 

In the ventricle treated with calcium salts the series of mechanical 
responses to two consecutive stimuli sent in at gradually lessening 
intervals may approximate to that described by Vou Kries in skeletal 
muscle, 

Chloral hydrate leaves the heart in such a condition that the effective 
action of calcium is greatly increased. The capacity of the chloralised 


heart to sum contractions etc. (Réhde) results from the accompanying — 


increased effectiveness of calcium. 
Alcohol and ether may leave the heart in a condition such that 
summation of contractions readily occurs. 


Small concentrations of chloroform first lengthen and then shorten 


the refractory period of the ventricle of the perfused heart. 
. Traces of alkali increase the effective action of calcium (Burridge) 
and favour a summation of contractions. — 
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Electrocardiogram of horse. By A. D. WALLER. 


Recent publications on the electrocardiogram of the horse, by 
J. Nörr (Ztschr. J. Biol. Bd. LXI. p. 197. 1913) and by R. H. Kahn 
(Pfliger’s Archiv, Bd. CLIv. p. 1. 1913) have recalled to my memory a 
demonstration made on December 19, 1889 (Du Bois Reymond: 8 Brees 
p. 186, 1890) to the Berlin Physiological Society. 

The object of that demonstration was to show that in man as 
compared with quadrupeds (dog and horse) by reason of the greater 
obliquity of the heart and therefore of its electrical equator and current- 
axis, the contrast between favourable and unfavourable leads is much 
less pronounced on quadrupeds than upon man. Upon man, it was 
shown at the meeting, that the two hands, the mouth and the left hand, 
the right hand and either foot constitute strong leads (wirksame . 
Anordaung), the two feet, the mouth and the right hand, the left hand 


The five leads of a horse, R. ant. -6; L. ant. = +4; R. post. = +6; 1. post, = —7. 


and either foot constitute weak leads (wnwirksame Anordnung). Upon 
the dog (and upon the horse) it was shown that the transverse effect was 
relatively small, and that the right and left lateral effects were relatively 
large and of equal size’. | 
) For the purpose of this demanstration where movements of a 
capillary column of mercury were projected upon a screen, direction of 
movement was noted from the second and most obvious portion of the 
double movement that accompanied each beat; but the principal fact 
upon which attention was concentrated was ‘the comparative size of 
movement in the several leads; and in this connection it was clear 
that the less oblique hearts of a dog and of a horse gave effects differing 
in character from those observed with the more oblique heart of a man. 
In the case of quadrupeds superior =“ anterior” and interior =‘ posterior.” 
Strong leads are: the left superior or anterior and the right inferior or posterior. Weak 
leads are: the right superior or anterior and the left inferior or posterior. 
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I have of course learned from further observation of all sorts of 
hearts that in man the ventricular spike is frequently of reversed 
direction in the weak leads (R. sup. and L. inf) and sometimes of 
reversed direction in the transverse lead. 

But as regards dog and horse I have arrived at no such definite 
results, for lack of any sufficient series of observations upon trained 


animals of known age and health. I have indeed a good many sporadic 


observations of various leads taken on dogs and horses to demonstrate 
the “electrocardiograms” of these animals, but in only a few cases a 
series of the five leads from which the position of the current-axis can | 
be determined. 


Reviewing the few five-lead records I possess of dogs and horses I find 


no record of the dog in which the spike of the weak leads is of reversed 


direction. But in one carefully taken series of a horse I find reversed 


"systolic spikes in the right anterior and left posterior leads. Taking 


their values aleng with the corresponding values of the left anterior and 
right posterior spikes, and applying to them the formula for the cardiac 
— of the human subject, we obtain the following results : 


Ant. tan 422 53 sup. 4 101? 
Post. tan 22254412; post, 955% 
The diagram of this horse exhibits a very tr or wide-angled 


_ current-axis approximating to what I have descz for man as charac- 


teristic of a horizontal or “soft” heart. In harmony with this character 
the transverse lead in this animal is particularly “strong,” contrasting in 
this respect with that of some of the horses studied by Nörr and 
Kahn, as well as from that exhibited by me in Berlin in 1889; in 
all these animals the transverse was a weak lead, and the right and left 
posterior leads were strong and approximately equal. The current-axis 


in these cases must have been very longitudinal or narrow-angled. 


1 Apart from the reversal that is due to situs viscerum inversus. With this state of 
which two cases were described at the Berlin meeting—the normal diagram is as viewed 
in a mirror, normally “weak” leads, R. sup. and L. inf., are strong,“ and normally 
4 strong” leads, L. sup, and R. inf., are weak.” The transverse record alone is reversed. 
These facts have been more or less completely rediscovered by several independent 
observers since their first publication in 1890. ig aia 
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Electrocardiogram of horse. By A D. WALLER. 

In the case of the human electrocardiogram there is a ane, corre- 
spondence in time between the first and second ventricular peaks R and 
T and the first and second sounds, or the beginning and end of. the 
ventricular systole, In the case of the horse, judging from the records 
of Kahn (Pfliiger’s Archiv, civ, fig. 5, p. 8) the end of the second 
peak appears to precede the end of ventricular systole by a consider- 
able interval. 

The figure given by Kahn 0 correlate the electrocardiogram with 
thé pressure changes after Chauveau and Marey, does not coincide 
with my own view of the matter. I have made the same correlation, 
and find that in the horse, as in man, the first and second ventricular 
waves V, and Vn (or according to the now prevalent rubric R and T) 
correspond very nearly with the beginning and end of the ventricular 
systole, or with the first and second sounds. I read my own electro- 
cardiograms of the horse as giving a duration of systole = O4 sec, (at 
a pulse frequency of 50), a value which corresponds with the duration 
originally given by Chau veau for the ventricular pressure curve. 
Whereas Kahn gives this systolic value as 0˙5 to 0°6 sec. at a pulse 
frequency of 54 (his K. Ekg. he gives = 0°49 to 0°62 sec, although his 
figures 3 and 4 on PP. 5 and 6 exhibit a value= 0°42), 

In the accompanying figure, taken from a class-diagram, I have 
indicated the time-relations between the electrical and the mechanical 
(intra- ventricular pressure) events, and the sounds, I find that in the 


8 as in man, bps length of systole is to be measured from the 
beginning of Pi to the end of Vn which correspond with the beginning 
and end of the ventricular systole. In man at the pulse-frequency 72, 
the duration of systole so measured = 0°33 or ird sec.; in the horse 
at the pulse-frequency 50 it comes out =0°4 or Iths sec. 
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Direct determination of the percentage saturation of arterial 
blood with oxygen in a normal person. F. R. C. S. 


and J. BaROnOr. 


In a case of ? intestinal ulceration accompanied by severe antemia 


it was thought desirable to perform the operation of transfusion of blood : 


into the patient from his sister: The transfusion was made from the 
radial arten (by the insertion of a cannula into that vessel) into the 
basilic vein of the patient. 

The insertion of a cannula into the radial artery of a healthy person 
gave an opportunity for the collection of some arterial blood, uncon- 
taminated either with air or anzsthetics for analysis. The blood was 


received into a tube of narrow bore, about the size of an ordinary 1c.c. 


pipette, fitted with a tap at each end. In the tube was placed a little 
hirudin and a globule of mercury to mix the hirudin and the blood. 
The analysis was performed by the differential blood gas apparatus. 
The blood proved to be 94°/, saturated with oxygen, after due 
correction had been made for the exchange of gases in a state of 
physical solution under the conditions of temperature and pressure 


which obtained in the body and in the apparatus. 
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